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ABSTRACT

This thesis focuses on designing, building, and analyzing a neutron detection system to
measure neutron fluxes of a TRIGA reactor at Texas A&M University to verify newly
developed simulation codes. Such a system must be designed to cover a wide range of
neutron fluxes in transient power surges (up to 1015 neutrons/cm2/s, lasting 20 to 50 ms)
and in steady-state operations (1013 neutrons/cm2/s at full power of one megawatt). The
size of the detector is limited to a maximum of 9.525 mm outer diameter including
housing.

The detection system consisted of slow neutron detectors, associated electronics, data
acquisition and storage equipment, and an analysis software. The detector used boron10 to capture slow neutrons, generating charged particles within an ionization chamber
filled with air. Due to the low Q-value of the reaction, a high gain charge-sensitive
preamplifier, which was a part of a miniature 16.9 mm x 298.5 mm electronic package,
was placed within 1.7 m of the detector to minimize noise level. The preamplifier was
designed to offer pulse mode, current mode, and high voltage current mode of operation.
Experimental data were acquired at 20 MHz using a solid-state drive for data storage
and were subjected to 250 MHz for up to eight-hour continuous operation using an array
of five three-TB hard drives. Data analysis software was programmed using MATLAB. In
addition to analysis using the shaping amplifier’s output, an algorithm to generate a
radiation pulse from the directly digitized preamplifier signal was proposed and tested
with test pulses simulating neutron events.

i

The detection system was tested with isotopic sources and in a dry tube located near the
TRIGA reactor. The latter showed an increase in the number of gamma events with the
reactor power, whereas the number of neutron events was also proportional to the
power. In addition, a trial run of in-core measurements was performed. The results
suggested that high gamma radiation present in the core interfered with the neutron
signal. Suggestions was made for modification of the mechanical assembly of the
system, compensation for gamma signals, and additional tests to improve analysis of the
neutron signal.

ii

ACKNOWLEDGEMENTS

I first would like to express my deepest gratitude to my supervisor, Dr. Tom Conroy, for
his expertise, understanding, and endless support throughout my Ph.D. study. His
patience and guidance helped me learn and overcome challenges in many difficult
situations. I could never ask for a better mentor.

Besides my supervisor, I would like to acknowledge my co-supervisor and my thesis
committee for their advice that helps me focus on my study and widen my perspective. I
would like to thank Dr. Esam Hussein for his time and efforts to guide me in the right
direction. I am also grateful to Dr. Leslie Braby for his immense knowledge and skills and
Dr. Marvin Adams for the great opportunity and support he has provided. My very
special thank goes to Jan Vermaak for his time, insights, and continuous assistance in
all the experiments and research. The project would not be possible without their
invaluable support.

I would like to acknowledge the Faculty of Graduate Studies and Research and the
Faculty of Engineering and Applied Science of the University of Regina for funding that
allowed me to contribute more time to my studies. This research is also being performed
using funding received from the DOE Office of Nuclear Energy’s Nuclear Energy
University Programs.

Last but not least, I would like to thank my family who always encouraged and supported
me to pursue a higher education. I could not have done this without them.
iii

POST DEFENSE ACKNOWLEDGEMENT

I would like to acknowledge the external examiner, Dr. Anthony Waker, for his time and
advice that broaden my knowledge and greatly help improve my work.

iv

DEDICATION

I dedicate my thesis to my parents who always love and support me unconditionally.
They are the reason why I am who I am today. I could not say thank you enough times. I
also would like to dedicate this work to my special friends who have always been there
for me whenever I need. Even though I have not mentioned their names, I am certain
they know who they are and how important they are to me. They are not just my friends
but a part of my family. I really could not have done this without them.

v

TABLE OF CONTENTS

ABSTRACT ...................................................................................................................... i
ACKNOWLEDGEMENTS ............................................................................................... iii
POST DEFENSE ACKNOWLEDGEMENT ..................................................................... iv
DEDICATION .................................................................................................................. v
TABLE OF CONTENTS ................................................................................................. vi
LIST OF TABLES ............................................................................................................ x
LIST OF FIGURES ......................................................................................................... xi
1

2

INTRODUCTION ..................................................................................................... 1
1.1

Research objectives ......................................................................................... 1

1.2

Scope of the research ...................................................................................... 3

1.3

System requirement ......................................................................................... 3

BACKGROUND....................................................................................................... 5
2.1

NSC’s TRIGA reactor ....................................................................................... 5

2.1.1

Support structure for the in-core detector .................................................. 7

2.1.2

Activation data........................................................................................... 8

2.2

Neutron detection ............................................................................................. 8

2.2.1

Neutron detectors in the nuclear reactor.................................................... 8

2.2.2

Neutron detection mechanism ................................................................... 9

2.2.3

Neutron detectors .....................................................................................11

2.2.3.1 Boron-loaded or lithium-loaded scintillator ............................................11
2.2.3.2 Boron-lined gas-filled detector ..............................................................13
2.2.3.3 Fission chambers..................................................................................16
vi

2.2.3.4 Boron trifluoride (BF3) detectors ............................................................17

3

2.3

Detector electric circuit ....................................................................................18

2.4

Modes of operation..........................................................................................19

2.4.1

Pulse mode ..............................................................................................19

2.4.2

Current mode ...........................................................................................21

2.5

Gamma-ray discrimination ...............................................................................21

2.6

Microphonic noise ...........................................................................................22

DETECTION SYSTEM DESIGN.............................................................................24
3.1

Slow neutron detector .....................................................................................24

3.1.1
3.2

Geometry of the detectors ........................................................................31

Electronic circuits ............................................................................................34

3.2.1

Preamplifier ..............................................................................................38

3.2.1.1 Modes of operation ...............................................................................41
3.2.1.2 Expected dynamic range of neutron fluxes ...........................................48
3.2.2

Shaping amplifier......................................................................................51

3.2.3

Test pulse generator ................................................................................52

3.2.4

Microcontroller..........................................................................................52

3.2.5

Communication circuit ..............................................................................53

3.2.6

Power supply............................................................................................53

3.2.7

High voltage generator .............................................................................53

3.3

3.3.1

Data acquisition ........................................................................................54

3.3.2

Data storage.............................................................................................58

3.4
4

Data acquisition unit ........................................................................................53

Data analysis software ....................................................................................60

ANALYSIS OF PREAMPLIFIER SIGNAL ...............................................................65
vii

4.1

Preamplifier output ..........................................................................................65

4.2

Line fitting ........................................................................................................66

4.3

Effects of microphonic noise ............................................................................67

4.4

Digital filtering ..................................................................................................70

4.5

Filter variables .................................................................................................72

4.5.1

Rise time of the preamplifier .....................................................................73

4.5.2

Time for line/curve fitting on each side of the event ..................................74

4.5.3

Sampling frequency..................................................................................77

4.5.4

Length and type of filter ............................................................................79

4.6
5

PRELIMINARY EXPERIMENTAL RESULTS..........................................................81
5.1

Exposure to an alpha source ...........................................................................81

5.2

Exposure to a gamma source ..........................................................................87

5.3

Testing outside of the reactor core ..................................................................89

5.3.1

Results at steady-state power of 10 kW ...................................................90

5.3.2

Results at 10 kW and 50 kW ....................................................................91

5.3.3

System inherent noise ..............................................................................98

5.4
6

Design for real-time processing .......................................................................79

Conclusion ....................................................................................................100

IN-CORE MEASUREMENTS ...............................................................................102
6.1

Mechanical assembly ....................................................................................103

6.2

Installation process........................................................................................107

6.3

Test procedure ..............................................................................................109

6.3.1

Settings ..................................................................................................109

6.3.2

Procedure ..............................................................................................110

6.4

Results and discussion ..................................................................................112
viii

6.5
7

Conclusion ....................................................................................................119

CONCLUSIONS ...................................................................................................121
7.1

Mechanical parts and assembly ....................................................................122

7.2

Gamma compensated detector .....................................................................124

7.3

Pulse height distribution of gamma events ....................................................126

REFERENCES ............................................................................................................127
APPENDIX A: Analysis of shaping amplifier output .....................................................132
APPENDIX B: Characterizing pulse height distribution of gamma events ....................136

ix

LIST OF TABLES

Table 1 Nuclear reactions for thermal-neutron detection ..............................................10
Table 2 Geometry and materials of the detectors used in the experiment in this thesis .27
Table 3 Specification of the parts of the detectors .........................................................32
Table 4 Connections from the circuit to the detector and to the user’s end. The first had
two signals while the latter had five connections............................................................37
Table 5 Filter coefficients  for  = 4, 8, and 16 and  = 2............................................72
Table 6 Reactor power and modes of the system in the experiments outside of the
reactor core ...................................................................................................................90
Table 7 PX14400D2 settings for the test outside of the reactor core at 10 kW and 50 kW
......................................................................................................................................92

x

LIST OF FIGURES

Figure 1 A photograph of the TRIGA reactor at the NSC . .............................................. 6
Figure 2 Diagram of the reactor core ............................................................................. 7
Figure 3 Pulse height spectrum from a boron-lined detector .........................................13
Figure 4 The equivalent circuit of the ionization chamber and the preamplifier .............18
Figure 5 The voltage across the resistor when the time constant is larger than the charge
collection time ...............................................................................................................20
Figure 6 An aluminum pole consisting of a 0.9 m detector holder and a 9 m tube in which
the electronics are located .............................................................................................26
Figure 7 A photograph of detector A .............................................................................27
Figure 8 A sketch of the detector ..................................................................................31
Figure 9 Possible paths of the reaction products (simplified to 2D) ...............................33
Figure 10 Spectrum of the detector by MCNP simulations ............................................33
Figure 11 Electronic circuit boards being assembled back to back ...............................35
Figure 12 Block diagram of the electronic system .........................................................36
Figure 13 Example of the response of a neutron event ..................................................39
Figure 14 Simplified schematic of the charge-sensitive preamplifier with a feedback
resistor reset .................................................................................................................40
Figure 15 Outputs of the preamplifier when operating in pulse mode with unlatched reset
......................................................................................................................................42
Figure 16 Outputs of the preamplifier and the shaping amplifier in response to a neutron
event .............................................................................................................................45
Figure 17 A photograph of the Signatec PX14400D2 board ..........................................55
xi

Figure 18 Signatec scope application software screenshots .........................................57
Figure 19 The preamplifier, the digitally-filtered output, and the shaping amplifier output
when the microphonic noise is present ..........................................................................63
Figure 20 Digitized preamplifier waveform in unlatched reset mode .............................66
Figure 21 Preamplifier output to a test pulse when microphonic noise is present .........68
Figure 22 FWHM normalized by the maximum count versus the size of  at sampling
frequency of 1 MHz .......................................................................................................76
Figure 23 FWHM versus sampling frequencies for  and  of 32 µs ............................78
Figure 24 The alpha source, Am-241, was placed at two positions ...............................83
Figure 25 The output of the preamplifier and the shaping amplifier when the alpha
particle travelled lengthwise inside of the detector. ........................................................84
Figure 26 Pulse height distribution of the shaping amplifier output when the detector was
exposed to the Am-241 alpha source ...........................................................................85
Figure 27 The output of the preamplifier and the shaping amplifier when the alpha
source was placed to emit the particle through the 2-mm hole of the detector. ..............86
Figure 28 Pulse height distribution of the shaping amplifier output when the detector was
exposed to the Am-241 alpha source . ..........................................................................86
Figure 29 The preamplifier output (a) when the gamma source was not present (b) when
the detector was exposed to the Cs-137 gamma source. ..............................................88
Figure 30 Result from the test outside of the reactor operating at 10 kW ......................91
Figure 31 Shaping amplifier signals at 10 kW ...............................................................93
Figure 32 Shaping amplifier signals at 50 kW ...............................................................94
Figure 33 Pulse height distribution at 10 kW and 50 kW ................................................95
Figure 34 Reactor gamma spectrum from MCNP simulations .......................................96

xii

Figure 35 Comparison of the results at 10 kW and at 50 kW when scaled by a factor of 5
......................................................................................................................................97
Figure 36 Pulse height distribution of the test at 10 kW with the test pulse generator
turned on. ......................................................................................................................99
Figure 37 Pulse height distribution of the test at 50 kW with the test pulse generator
turned on. ....................................................................................................................100
Figure 38 Reference diagram of the positions in the core ...........................................103
Figure 39 The 0.91 m (36”) tip in which the detector was located and the guide tube ..105
Figure 40 A custom-built input capacitor made from a small magnet wire, a Teflon
insulator, and a brass tube ..........................................................................................107
Figure 41 Photographs showing the guide tube in the core of the detector . ................108
Figure 42 Pulse height distribution at 50 W power at position 37 .................................113
Figure 43 Pulse height distribution at 0 W power at position 37 ...................................113
Figure 44 Pulse height distribution when the detector was located at position 37, 31, 27,
23, and 19 ..................................................................................................................115
Figure 45 Plot of the number of all the pulses with the height above 23000 ADC unit
versus the detector’s location in the reactor core .........................................................116
Figure 46 Plot of the number of pulses with the height above 37000, 38000, and 39000
ADC units versus the detector’s location. ....................................................................118
Figure 47 Plot of the number of events versus the detector’s location from experiments
and the simulation ......................................................................................................119
Figure 48 Current and proposed cable connections.....................................................124
Figure 49 A sketch of a conceivable gamma compensated detector ...........................125
Figure 50 The shaping amplifier output .......................................................................133
Figure 51 The spectrum of the shaping amplifier output ..............................................135
xiii

Figure 52 A Gaussian function overlaid on the top of the spectrum of the in-core
measurement at position 27 ........................................................................................137
Figure 53 The spectrum at position 27 after the Gaussian function is subtracted off....138
Figure 54 The spectrum of the detector from the MCNP simulation .............................139
Figure 55 The reference point (point A) which is used in the calculation of 

xiv

. .........141

1 INTRODUCTION

This research focuses on the development of an experimental system to monitor steadystate and transient operations in the Testing, Research, Isotopes, General Atomics
(TRIGA) reactor core at the Nuclear Science Center (NSC), Texas A&M University. The
system is a part of a Nuclear Energy University Programs (NEUP) project titled
“Phenomena-based Uncertainty Quantification in Predictive Coupled-Physics Reactor
Simulations” [1]. It is important in a nuclear reactor to determine neutron-flux
distributions and quantify their values and associated uncertainties. Flux distributions are
typically determined by simulation of steady-state and transient reactor behaviour.
However, simulation codes need to be verified by comparing the predictions against
experimental results. This thesis concentrates on designing, building, and analyzing a
system to measure the neutron flux of the TRIGA reactor in steady-state and transient
operations. This system has to be able to provide information in a wide range of the
neutron flux with high precision. Additionally, an in-core measurement system has to
overcome many challenges including the small size of the research reactor, the limited
space for a detector, the thermal-hydraulic disturbance which has to be within the safety
parameters, and the high gamma flux that is present along with the neutron flux [2].

1.1 Research objectives
The paramount goal of the project is to create a system to obtain information about the
operation of the TRIGA reactor at the NSC. The ultimate system is to consist of a
neutron detector, electronic circuitry, a data acquisition and storage apparatus, and postprocessing software. The detector is to respond primarily to slow neutrons, whose
1

energy is lower than 0.5 eV, because it is these neutrons that determine the reactor
power. However, a detector placed in the core of a nuclear reactor is also exposed to
high fluxes of fast neutrons and gamma rays which interfere with its response to slow
neutrons. A detector produces electric charges that need to be processed with an
electronic circuit, which includes a preamplifier, an amplifier, a high voltage generator, a
communication circuit, and a microcontroller. This circuit can be tested with the aid of a
pulse generator simulating detector signals. Data acquisition and storage equipment
also needs to handle digitization of the detector output at high rate and store detected
values acquired over a long period of time. This will allow further analysis of the large
amount of data obtained from the experiment by post-processing software.

This experimental system is composed of several components, many of which can
operate independently as a standalone part or a subsystem. It is beneficial to design,
construct, and test each component or subsystem separately before assembling them
into the complete system. This provides an opportunity to optimize components’
functions, verify operations, and make modifications without affecting other parts of the
overall system. The focus of this thesis is the development of the neutron detector and
the electronic circuitry. The data acquisition and storage unit as well as the post-process
software are set-up in the simplest way to evaluate the capability of the system. This
thesis focuses on preliminary study of the design with the following objectives:
•

to check whether the design of the system is fundamentally sound

•

to establish the baseline capabilities of the system for slow neutron detection

•

to identify the modifications required for the system to work in the intended
environment

•

to investigate and troubleshoot potential issues that could exist within the
2

ultimate system.

1.2 Scope of the research
To accomplish the objectives stated in section 1.1, the scope of the research includes:
•

constructing a subsystem consisting of a neutron detector and electronic
circuitry,

•

setting up simple data acquisition and storage equipment necessary to record the
data for system evaluation,

•

developing basic analysis methodologies to preliminarily process the data,

•

testing the subsystem and collecting the experimental data when placing the
detector in the environment similar to the reactor core,

•

addressing the design and analysis problem and determining the ability and
limitation of the detector and the electronics, and

•

providing a conclusion regarding the changes that need to be made to the
subsystem after a trial test in the core of the reactor.

1.3 System requirement
The key requirements of the system include the following:
•

the detector must be small in size to meet the physical obligation of the in-core
device (the diameter of the detector and its housing cannot exceed 9.525 mm),

•

the design of the detector should be simple to build in order that the design can
be replicated with other materials to provide more information for the simulation
comparison purpose,

•

the speed of data acquisition must be high enough to provide acceptable time
3

resolution, and
•

the system should be compatible with other experiments at the NSC (with
minimal modification) although the system is mainly developed as an in-core
measurement device.
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2 BACKGROUND

2.1 NSC’s TRIGA reactor
TRIGA stands for Testing, Research, Isotopes, General Atomics. The TRIGA reactor
was originally designed for use in education, training, and research programs, but the
reactor was expanded for use in medical and industrial applications [3]. The reactor is an
excellent source for neutron and gamma exposure for many researches and
applications, especially neutron irradiation to produce a radioactive isotope [4], [5].

The TRIGA reactor at the NSC, as shown in the photograph of Figure 1, is a pool-type
reactor. The core, which consists of cylindrical fuel elements, is immersed in an open
pool of water. The reactor is capable of operating at a maximum steady-state power
level of one megawatt (1 MW) [4]. The thermal neutron flux provided by the reactor
ranges from 1x1012 neutrons/cm2/s to 1.4x1013 neutrons/cm2/s, depending on the
location in the core [4]. The gamma dose of 2x105 Gy/hr (2x107 rad/hr) can be expected
on the reactor face at this power level [4].

5

Figure 1 A photograph of the TRIGA reactor at the NSC (in original color).

Jan Vermaak, Manager of Engineering at the NSC, provided some information about the
reactor [6]. The core consists of fuel rods and six control rods. Uranium zirconium
hydride (UZrH) is used as the fuel. The control rods are composed of four shim rods,
one transient rod, and one regulating rod. These rods are arranged in bundles of four as
shown in Figure 2. The location of each group in the core is identified by the column
number starting from 1 and the row character starting from A. At the crossing point
between each row and each column there is a small diamond gap into which a sample,
or in this work a detector, can be inserted for exposure to radiation.
6

Figure 2 Diagram of the reactor core (in original color). The core consists of the fuel rods
and six control rods.

2.1.1 Support structure for the in-core detector
In order to place a detector in the desired location between the rods of the core, the
system needs a mechanical support which is stable but minimally disturbs the operation
of the core. The detector must fit into the support structure which was modeled,
designed, and built by the NSC staff as described in [2], [7]. The fundamental design
concept is to have a supporting structure of a cylindrical geometry and leave a space
between the structure and the fuel rods no less than the space between the rods
themselves. The resulting design is a guide tube with a diameter of 12.7 mm (0.50”),
which is to be centered in the space between the rod bundles. The tube is to be held in
place by the support foot in the bottom of the core. The top section has a support leg to
lock the structure on the top of the rod bundle tool hooks. The tube contains several
holes along its length to let the coolant flow in and out. A photograph of the support
structure is shown in Figure 39 in Chapter 6.

This support structure perturbs the reactor in terms of neutron fluxes, power distribution,
and reactivity worth. Therefore, the neutronic design was modeled by Jan Vermaak by
7

Monte Carlo N-Particle (MCNP) code to study these effects [2]. The thermal-hydraulic
design was modeled using the STAR-CCM+ and RELAP5/MOD3.3 code to determine
changes in cladding temperature and in the minimum departure from nucleate boiling
ratio [2], [7]. Both the neutronic and thermal-hydraulic safety parameters are found within
limits [2]. The simulations were validated by a number of qualification tests [2]. The
details of these design aspects are described in [2], [7]. The detector is to be placed
inside of this guide tube.

2.1.2 Activation data
A few materials, such as gold foils and copper wires, were exposed to the radiation at
select locations in the core [7]. The activation data can inform the steady-state flux in the
core. There is a data pack available which includes the wire activation data [7]. Both the
axial and semi-radial profiles of the flux are provided. Examples from two different
locations, close to the center of the core and at the core’s peripheral, are given in [7]
showing the copper wire activation measurements of the count rate versus the distance
from the center of the core in comparison with MCNP calculations. This information can
be used as a first step in evaluating the system developed in this work for in-core
measurements. The detector can be moved to different positions in the core to find the
axial distribution of the steady-state flux, which can be compared to the wire activation
data.

2.2 Neutron detection
2.2.1 Neutron detectors in the nuclear reactor
Slow neutron detectors in a reactor can be placed either in-core or out-of-core [8]. Outof-core detectors monitor neutrons escaping the reactor, which can be related to overall
8

flux in the reactor core, and are located outside the reactors. More than one type of
these sensors and operating modes may be used to cover different power ranges in the
reactor. For example, routine monitoring in pressurized water reactors utilizes gas-filled
proportional counters operating in pulse mode during the source start-up and in mean
square voltage mode during the intermediate power range. When the reactor is at full
operating power, the neutron flux is monitored by ionization chambers. On the other
hand, in-core sensors, which are the focus of this research project, are placed within a
nuclear reactor to provide information on the spatial and temporal variation of the
neutron flux. Therefore, these sensors must be small in size and able to tolerate high
flux of neutrons and gamma rays inside a nuclear reactor.

2.2.2 Neutron detection mechanism
Radiation is detected from its interaction with detector materials [8]. Most radiation
detectors interact with electric charges carried by charged particles through the coulomb
force. Thus, uncharged radiations, which do not interact through the coulomb force, must
first undergo some interactions to transfer their energy to charged particles. Gamma
rays, which are neutral in electrical charge, interact with atomic electrons, freeing up
from their bound state. On the other hand, neutrons, which are also neutral in charges,
need typically to interact with nuclei of material to liberate charged particles. These
secondary electrons or particles are then used to produce an electronically measurable
detection signal.

There are several interactions that are useful for neutron detection. The usefulness of a
particular interaction for detection depends on the value of its neutron cross section,
which is a measure of the probability of neutron interaction with a material (express per
9

nucleus in a unit called “barn”, which is equal to 10-28 m2). The cross section varies
considerably with the energy of the incident neutron. Fast neutrons, whose energy is
higher than 0.5 electron volt (eV), are more likely to undergo elastic scattering more than
a nuclear reaction. In contrast, slow neutrons with energy below 0.5 eV have higher
cross section for nuclear reactions.

Neutron detection in a reactor focuses mostly on slow neutrons because they are
responsible for fission in water-moderated reactors, such as the TRIGA reactor, in which
the fast neutron accompanying fission are slowed-down to the thermal energy. In order
to detect these thermal neutrons, a material with a high neutron-absorption cross section
are needed. Table 1 lists the materials most suited for thermal-neutron detection. The Qvalue in this table indicates the energy released in the interaction, which is shared
between the charged particles resulting from the interaction, in inverse proportionality to
their mass. The cross section in the table is the absorption cross section for thermal
neutrons. The energy dependent cross section can be found in [9].

Table 1 Nuclear reactions for thermal-neutron detection [8], [10]
Material
Boron-10

Reaction






Lithium-6

Q-value (MeV)

Cross sections (barns)

(%)

2.310

3835

( !% )

2.792

+    + 
+    ∗ + 

!


+  → $ + 

4.78

940

$% +  → $ + &

0.764

5333

Uranium-235

Various fission fragments

200 (approx.)

680.9

Plutonium-239

Various fission fragments

200 (approx.)

1017.3

Helium-3



One of the materials often used as a target is an isotope of boron, boron-10 (10B), due to
its high cross section and its availability. Boron-10 makes up 20% of natural abundance
10

[10], and highly enriched

10

B in gas form or solid form can be made from natural boron.

A neutron-induced nuclear reaction in boron results in an alpha particle and a lithium
nucleus, either in the excited state or in the ground state, emitted in opposite directions.
This is represented by the (n, α) reaction which is expressed as [8], [11]:



+    + 

(%)

(2.1)




+    ∗ + .

( !% )

(2.2)

The reaction energy or Q-value is 2.310 MeV and 2.792 MeV for excited and groundstate lithium nucleus, respectively. This is a large energy compared with the energy of a
slow neutron (which is less than 0.5 eV). Therefore, the energy of the reaction products
is dominated by the reaction energy. As a result, it is not possible to deduce the
information about the energy of the incident neutron.

2.2.3 Neutron detectors
The charged particles produced in neutron detection are converted into electronic
signals in gas-filled detectors, scintillators, or semiconductors [8], [11], [12]. The
operation of a few detectors are summarized in this section.

2.2.3.1 Boron-loaded or lithium-loaded scintillator
In a scintillation detector, the kinetic energy of charged particles is absorbed by the
detector’s material resulting in its excitation. To return to its original state, a light output
is produced. Scintillators used in slow neutron detection are commonly loaded with
boron or lithium to capture slow neutrons and produce charged particles. They are
available in many forms including plastic, crystal, liquid, or glass scintillators [8]. One
example of slow neutron scintillation detectors is a lithium glass fiber scintillator which is
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capable of generating light output that can travel in its fiber as long as several meters [8].
This allows the detector to be coupled to a light sensor, which is always required to
convert scintillation photons to an electrical output, located at some distance away from
the detector.

Light sensors that are widely used with scintillation detectors are photomultiplier tubes or
photodiodes. Although photomultiplier tubes are widely used in many applications, a
newer technology of semiconductor photodiodes offers many advantages including
better efficiency to create photoelectrons, smaller size, insensitivity to magnetic field,
and resistance to mechanical vibration [8], [13]. One category of photodiodes is called a
silicon photomultiplier (SiPM) or a multi-pixel photon counter (MPPC) which is an array
of small-dimension photodiodes, each of which ideally responds to only one scintillation
photon. In other words, each photodiode in the SiPM acts as a counter. Therefore, a
number of total counts is then proportional to the number of scintillation photons. Many
array sizes are commercially available ranging from as 1 x 1 mm2 to 6 x 6 mm2 [14].

One of the disadvantages of scintillation detectors is an ability to discriminate against
gamma rays. A secondary electron from a gamma ray can deposit more energy in some
scintillators, such as lithium iodide crystals, than in gas-filled detectors [8]. A pulse height
resulting from an incident gamma ray can be as large as one from a neutron event.
Therefore, gamma discrimination is more difficult. A size of the detector can be reduced
to allow these gamma-induced electrons to deposit less energy before escaping the
detector.
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2.2.3.2 Boron-lined gas-filled detector
Boron-lined detectors use

10

B in a solid form as a coating material on the inner wall of

the detector chamber [11], [12]. The boron-neutron interaction occurs in the wall of the
chamber. Since two reaction products are emitted in two opposite directions, only one
product per interaction travels toward the inside of the gas-filled chamber and deposit its
energy in the fill gas. The energy deposited by that reaction product ranges from zero to
its full energy, which is 0.84 MeV and 1.47 MeV for an excited lithium recoil and an alpha
particle, respectively. Figure 3 illustrates two separate ideal energy distributions for
lithium recoil in the excited state and for the alpha particle and a combined ideal
distribution. Because the nuclear reaction has equal probability to occur in any location
in the detector walls, the distribution of the energy deposited by each product displays a
rectangular shape. The combined distribution for a boron-lined detector then has a
shape of a stair case.

Figure 3 Pulse height spectrum from a boron-lined detector [8]
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The efficiency of a boron-lined detector depends on the thickness of the coating which
should be approximately the maximum range of the alpha particle emitted in the nuclear
reaction. Additional thickness reduces the efficiency as it adds an extra layer the
reaction products have to travel through in order to reach the fill gas.

The electric charges carried by charged particles, lithium recoils or alpha particles,
interact with the electrons in gas molecules along their track through the coulomb force.
Using the energy from the charged particle, the electron either elevates to a higher shell
resulting in an excited molecule or ejects completely leading to an ionized molecule.
Even though the excitation can be used to derive an output signal, boron-lined detectors
are among the detectors whose output is based on the ionization created by charged
particles. Ionization of a gas molecule results in an ion pair consisting of a positive ion
and a free electron. As the energy required to create an ion pair, referred to as a Wvalue, only varies slightly with the type of gas and radiation and is very close to a
constant of 25 to 35 eV, the number of ion pairs created by a charge particle is
proportional to the energy deposited in the fill gas. However, there is some variation in
this number and its fluctuation will set the statistical limit of the energy resolution of the
detector.

The common geometry of the detector consists of an anode wire in the middle of a
hollow cylindrical cathode shell filled with air or a fill gas, such as hydrogen [12] or argon
with a small fraction of carbon dioxide [11]. When the electric field is applied to the
electrodes, the electrostatic force accelerates the free electrons and the positive ions
toward the anode and cathode, respectively. An electrical signal is then generated
through the collection of the charges. The drift velocity of the ions depends not only on
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the electric field strength and the gas pressure but also on the mobility parameter (µ) of
the charged particles. Although the mobility varies with gas species, the mobility value of
the electron is typically much higher, approximately three orders of magnitude, than that
of the positive or negative ion [8]. Therefore, the ion transit time is significantly longer. In
general, the collection time for ions and electrons in typical detector dimensions are in
the worst case on the order of milliseconds and microseconds, respectively [8].

Positive ions and free electrons may collide with one another or with neutral gas atoms
or molecules in their path to the electrodes. The collision possibly leads to charge
transfer, electron attachment, or recombination [8]. The charge transfer occurs when a
positive ion collides with a neutral gas atom or molecule. The positive ion becomes a
neutral atom when the electron is transferred from the gas atom or molecule which in
turn carries a positive charge. On the other hand, when a free electron collides with a
neutral gas atom or molecule, there is a possibility that the electron will attach to the
atom or molecule and form a negative ion. Another significant collision effect is
recombination which takes place either when an electron collides with a positive ion and
recombine to a neutral atom or molecule, or when a positive ion captures an extra
electron from the negative ion which neutralizes both ions. As a result, the recombination
can affect the charge collection and cause some losses. As the irradiation rate is higher,
the probability of recombination among different events increases. The high electric field
is therefore applied in order to minimize the charge collection time and reduce the losses
due to the recombination.

When the electric field reaches a threshold value, gas multiplication occurs in the
detector. The electrons originally generated by the lithium recoils or alpha particles are
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accelerated by the field. When they gain enough energy, collision between these
electrons and other neutral gas molecules creates additional ion pairs which also drift by
the field applied to the detector. They may collide with other gas molecules and generate
more ion pairs. Therefore, with a sufficiently high applied voltage to the detector, the
number of ion pairs created by a neutron incident is multiplied and forms a chain
reaction. This mechanism results in a higher output signal than a normal ionization
chamber. The detector is referred to as a proportional counter because a number of
charges collected at the electrodes are proportional to the number of original charges
prior to the chain reaction.

2.2.3.3 Fission chambers
Fission chambers operate in the same mechanism as a boron-lined detector, except that
they are lined with a fissile material such as uramium-235 (235U) instead of boron. The
nuclear reaction results in fission fragments with much larger amount of energy (Q-value
of the reaction is about 200 MeV) compared with the boron-neutron interaction.
Therefore, fission chambers are usually operated as ionization chambers with no gas
multiplication required since they already produce a large enough output signal. In-core
fission chambers are commercially available [15].

Miniature fission chambers are used in in-core monitoring of research reactors [16], [17],
where such a detector is constructed in a parallel plate geometry consisting of two small
discs as the electrodes. One of the discs is lined with the fission material. The disc
diameter and the separation between them can be as small as 1 mm and 0.5 mm,
respectively. The detector is filled with Argon. The detector is able to measure the
neutron flux in the pulse mode linearly ranging from 4x105 neutrons/cm2/s to 8x1012
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neutrons/cm2/s [17]. MCNP simulations in [17] shows that such a detector has low
sensitivity to background gamma rays because the energy deposited by a neutron is
sufficiently high to keep a large signal to background ratio (close to 104 eV higher for the
less than 1 mm chamber).

Fissile materials are usually unstable and radioactive. Licensing and safety issues of
these materials make them less than ideal to obtain and work with in a research lab.
Therefore, the use of such detector was not considered in the work, but it is a candidate
for future development. Its large reaction energy for neutron interactions makes
discrimination against gamma-ray background radiation relatively easy.

2.2.3.4 Boron trifluoride (BF3) detectors
BF3 detectors are one of the gas-filled detectors commonly used in slow neutron
detection [8], [11], [12]. BF3 serves both as a target material for neutron-to-charged
particle conversion, due to its boron content, and as the ionizing gas, typically as a
proportional counter. Since the interaction happens inside of the chamber, both of the
charged particles from the boron-neutron interaction, lithium recoils and alpha particles,
are released and deposit their energy in the fill gas.

There are some disadvantages of BF3 detectors compared with boron-lined detectors.
Because the target for conversion process in BF3 tubes is in the gas form, the detectors
operate at the high gas pressure so as to improve the detection efficiency. Higher
pressure and higher operating voltage lead to a larger gamma-ray signal compared with
a neutron signal; therefore, BF3 detectors are more sensitive to gamma rays [11].
Additionally, the thicker wall is required to withstand the pressure. BF3 is also toxic and
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not compatible with aluminum which is normally a common choice of material for
detector construction. Also, boron-lined detectors provide faster timing and better
chemical resistance in high gamma-ray environment [8].

2.3 Detector electric circuit
A detector is almost always electronically connected to a preamplifier placed as close to
the detector as possible to promptly amplify the detected electronic signal and avoid its
degradation in subsequent transmission cables. The equivalent electric circuit for a
detector (say an ionization chamber) and the associated preamplifier is shown in Figure
4. The circuit consists of the input resistance of the measuring circuit (') and the
equivalent capacitance of the detector and the measuring circuit ((). The value of ( is
equal to a sum of the detector capacitance, the capacitance of the short cable
connecting the detector to the preamplifier, and the input capacitance of the measuring
circuit. The input resistance and capacitance in the preamplifier are varied for two
different modes of operation which are discussed next. A voltage source () ) is
connected to the detector or the ionization chamber to provide an electric field for charge
collection.

Figure 4 The equivalent circuit of the ionization chamber and the preamplifier [8]
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The preamplifier provides the output voltage which is proportional to the number of
charges collected from the detector. Typically, this output is small and has a long tail
which is not suitable to be monitored directly. For example, if two events occur close in
time, the output from the second event will lay on the top of the tail of the first output [8].
Therefore, the preamplifier is usually connected to a shaping amplifier circuit which, as
its name suggests, performs pulse shaping and amplification [8], [12]. The shaping
amplifier raises the level of the original preamplifier output and transforms its shape to a
pulse that is more appropriate for the subsequent pulse processing circuit.

2.4
2.4.1

Modes of operation
Pulse mode

When operating in pulse mode, the detector records and provides information about
each radiation event individually. The voltage across the input resistance ' in Figure 4,
referred to as )* , serves as a basic signal being monitored by the measuring circuit.

When no electric charge is present in the detector, the voltage )* is zero and the voltage

across the ion chamber is equal to the source voltage ) . After a radiation event, ion

pairs are formed and drift to the electrodes due to the electric field. During this charge
collection time, the chamber voltage decreases below ) , and the current is integrated
on the capacitor resulting in the increase in the value of )* . Due to higher mobility of

electrons than ions, their transit time is much shorter. In other words, electrons usually
arrive at the electrode first, which quickly raise the voltage at the beginning of the charge
collection period. Slower-drifting ions, which reach the electrode sometime later,
gradually increase the voltage. This voltage reaches its maximum value when all the
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electric charges are collected at the corresponding electrodes. During the time before
the next radiation event, the capacitance discharges through the resistance. As a result,
)* slowly decreases to zero and the voltage across the ion chamber returns to the
original source voltage. The time required for the voltage across the resistor to reach its
maximum value depends on the charge collection time and does not rely on the
parameter in the measuring circuit. In contrast, the time required for the capacitor to fully
discharge depends on the time constant of the measuring circuit, + = '(. In normal
operation, the time constant is larger than the charge collection time. Therefore, a single
pulse is produced per one radiation event as illustrated in Figure 5.

Figure 5 The voltage across the resistor when the time constant is larger than the charge
collection time [8]

As the tail of the signal can be very long (to increase the signal-to-noise ratio, ' is
chosen as large as possible), a special capacitor-resistor and resistor-capacitor (CR-RC)
shaping circuit is used to sharpen and narrow each radiation event. Typical shaping
times are on the order of microseconds [8], [18]. Although pulse mode operation
provides information about single radiation events, the shaping times restrict the use of
this mode to low neutron flux environments. As the flux increases, the time between
events becomes shorter and the possibility of the pulse overlap or pulse pile-up
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increases. Therefore, the current mode is usually adopted in high event rates.

The amplitude of the pulse is directly proportional to the charges produced within the
detector or )*_. = / ⁄( where / is the total charge generated from the radiation. In
pulse mode, every voltage pulse above a set threshold is a detected neutron. The total
counts over a specific time is then the neutron detection rate.

2.4.2

Current mode

In the current mode, the value of the input resistance ' in Figure 4 is made significantly
lower than that in the pulse mode allowing the current produced in the charge collection
time to flow through. According to ohm’s law, the current is then converted to voltage
which serves as the basic signal for the measurement.

The measured current is an average value of the individual current pulses generated
from many radiation interactions occurring over a response time. Therefore, this average
current depends on the interaction rate and the charges generated per interaction, and
responds slowly to the rapid changes in the event rate. Even though information about
each radiation event is not preserved, the current mode is suitable for the operation in
high event rate where the possibility of pulse pile-up is strong in the pulse mode. In the
current mode, the neutron detection rate is determined by the ratio between the
measured current and the average charge collected per neutron.

2.5

Gamma-ray discrimination

Gamma rays are usually present together with neutrons. A nuclear fission not only
immediately releases gamma rays along with neutrons, but its fission products also
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usually emits gamma rays [19]. Additionally, the detector itself can be a source of
gamma rays from a decay process of an excited lithium recoil produced in the boronneutron interaction [12]. Regardless the sources, the interaction of gamma rays usually
takes place in a detector’s wall [11] and generates secondary electrons which may also
cause ionization in the fill gas. However, because these electrons generally have low
stopping power, they can reach the opposite detector wall after depositing only part of
their energy. Consequently, gamma-ray radiation gives rise to low-amplitude pulses. If
the gamma-ray flux is not significantly high, pulses produced from the background
gamma rays can be eliminated by simple amplitude discrimination in pulse mode of
operation. However, when the detector operates in current mode, these gamma ray
pulses can make a contribution to the average current and cannot be discriminated
against. In that case, a gamma compensated detector is needed. This is especially true
in boron detectors which has a Q-value two orders of magnitude lower than that of
fission chambers.

2.6

Microphonic noise

Microphonic noise is a low frequency noise caused by mechanical vibrations that pass
on to the output of a detector and consequently the input of its preamplifier. The vibration
leads to fluctuations in the input capacitance and results in a low frequency signal on
which the output signal is superimposed. Some detectors are more sensitive to
microphonic noise that others. It can become a serious issue if the pulse is small and is
hidden in the large magnitude of noise. Although analog pulse shaping is a common
method in radiation instrument to reduce the effect of the microphonic noise [20], the
noise may not be completely eliminated. Standard band-pass digital filters are another
alternative to analyze data to separate microphonic noise; however, the process is
22

cumbersome and complicated to apply. Several digital filters were proposed such as an
adaptive filter using system identification [20] or a low frequency rejector (LFR) filter for a
hyper-pure germanium gamma ray detector [21]. The first technique uses a sensor to
estimate the mechanical vibration and create an adaptive filter that effectively removes
the impact from the measurement [20]. The LFR filter creates a modified trapezoidal
weighing function that takes into account the changing baseline due to microphonic
noise [21].
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3 DETECTION SYSTEM DESIGN

The detection system designed for determining the flux distribution in the core of the
NSC reactor must cover a wide range of neutron fluxes, especially when pulsing the
reactor. The design should also be compatible with many types of detectors potentially
to be used at the NSC.

A detection system consists of three main hardware components and a data analysis
software. The hardware includes the detector, electronic circuits, and a data acquisition
unit. A slow neutron detector is needed in this work since slow neutrons induce nuclear
fission in the reactor. The detector is connected to the electronic circuits which include
preamplifier, analog shaping amplifier, and control and communication circuit. The
outputs of the preamplifier and the shaping amplifier are then digitized by the data
acquisition unit and stored on a disk drive. This allows the outputs to be post-processed
by the data analysis software to derive information after an experiment is completed.

3.1 Slow neutron detector
In this work a prototype of a slow neutron detector was built with the primary purpose of
investigating whether the design is fundamentally sound. The detector was designed to
be placed in the core of the reactor to monitor neutron events during a reactor pulse.
However, testing of the prototype detector was mainly performed outside the reactor
core to determine its characteristics before in-core measurements.

A confined space inside of the reactor core puts limits on size of the detector. The
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detector can be introduced into the core of the TRIGA reactor only through very narrow
gaps between fuel rods or control rods. In addition, the detector must be small to avoid
disturbing the flux distribution with the reactor, as well as not to interfere with the water
flow system and/or other operations of the reactor. Therefore, the detector was designed
to be encapsulated in an aluminum pole consisting of two separable sections, as shown
in Figure 6. A bottom section is a detector holder which is approximately 0.9 m (36”) long
and has outer and inner diameters of 9.525 mm (0.375”) and 7.747 mm (0.305”),
respectively. The electrically insulated detector is to be positioned in the middle of the
holder which is to be inserted into a small hole located between fuel rods and control
rods inside the reactor core. The length of the detector holder is long enough to extend
the top of the section, which connects to the other tube section, outside of the reactor
core. The second section of the pole, the 9 m aluminum tube, has an outer diameter of
31.75 mm (1.25”) and is where the electronic circuits reside. The circuit board is to be
placed approximately 1 m from the bottom end of the this tube section. This makes the
total distance between the detector and the electronic circuits slightly over 1.5 m.
Aluminum was a preferred material for the pole due to its low cross section to thermal
neutrons (0.231 barns) [10], its light weight, and its low impurities.
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Figure 6 An aluminum pole consisting of a 0.9 m detector holder and a 9 m tube in which
the electronics are located (drawing is not to scale). The polyethylene and lead balls are
used for neutron and gamma shielding.

The experimental data reported in this thesis were collected from two detectors: detector
A and detector B. Both of the detectors share the same geometry and materials except
detector A does not have any target material to capture slow neutrons. A photograph of
detector A is shown in Figure 7, and the detectors’ parts and materials are listed in Table
2. The rationale for selecting the particular materials shown in Table 2 is given shortly.
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Figure 7 A photograph of detector A (in original color)

Table 2 Geometry and materials of the detectors used in the experiment in this thesis
Detector

Anode Wire

High Voltage Tube

Diameter (mm)

Material

Inner Diameter

0.50

Copper (99.997%

3.175

Target Material/

Material

Area

Copper (99.998%

None

(mm)
A

Purity)
B

0.50

Copper (99.997%

Purity)
3.175

Purity)

Copper (99.998%

1-µm
1
thick boron-10/

Purity)

∅2-mm
∅
curved disc

The neutron flux inside the core of the reactor, up to 1013 neutrons/cm2/s, at 1 MW
steady state power [4],, lead
leads to high reaction rate in the detector. Operating the detector
in proportional region can cause complete ionization of the active volume,
volume and the
detector takes some time to return to its normal neutral condition. Once the whole
detector volume is fully ionized, the detector cannot identify any further events.
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Therefore, the high voltage applied to the detectors must be kept within the ionization
region to avoid generating further electrons. In addition, the center anode of both the
detectors has a large enough diameter to prevent intense electric field near the wires
which can cause electron avalanche.

Air was used as fill gas at atmospheric pressure for both detectors. The use of air
instead of common fill gas, such as methane or propane, offers the benefit of ease
construction. The detector does not need to be tightly sealed to prevent a gas leak or
withstand any pressure. This reduces unnecessary costs and construction complication.
The detectors were built with a copper end cap to shield the anode conductor from
electronic noise. Nonetheless, there are drawbacks to use air, one of which is due to
electron and ion mobility. Because air has lower mobility compared with traditional fill
gases using in neutron detection, the secondary electrons and ions generated from the
neutron reaction take a longer time to drift to the corresponding electrodes. However,
this longer collection time does not have a significant impact on the system as the
electronics do not have a fast enough response to benefit from a higher mobility offered
by a common fill gas. Another disadvantage of using air is electron attachment. Oxygen
in air is notorious for high probability of electron attachment [8]. Secondary electrons
generated from a neutron event could be lost by attaching to oxygen molecules. Similar
to positive ions, negative oxygen molecules have much lower mobility than electrons;
therefore, longer collection time is required. This drawback is then overcome by waiting
long enough, say 20 to 40 µs, to collect all charges, regardless of their source.

The detectors were made from pure copper (99.998% copper-63 and copper-65),
because copper has a low cross section for thermal neutron (3.78 barns) [10]. Boron-10
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was used as a slow-neutron capture material. Even though the Q-value of boron-neutron
reaction is very low compared with other thermal neutron capture materials as shown in
Table 1, boron was chosen for a target material in these first few prototypes developed.
Using uranium, plutonium, or some other fissile material, which is radioactive, requires
extra licensing and regulation. Also special care must be given to handling such material
to ensure safety of the researchers, public, and the environment. These procedures can
be complicated, time consuming, and unnecessary for initial studies of the system.

The solid form of boron as boron carbide (B4C) was used in the detectors. Although the
gas form is also commonly found in slow neutron detectors, such as BF3 detectors, for
the detector to function as a proportional counter, the advantage of proportional gas gain
is not desired in this work to avoid saturating the detector in the high-flux environment of
the reactor core. Additionally, solid boron does not required complex detector structure,
and is easy to handle in the research lab. In initial trial experiments (not included in this
thesis), a test was performed using a detector whose inner wall of the high voltage tube
was entirely lined with boron to examine the detector’s response to slow neutrons.
However, this amount of boron was too much to test the detector in the reactor. A high
neutron reaction rate can saturate the detector so quickly that not enough information
about the reactor operation can be obtained especially during reactor pulsing. On the
other hand, too little boron results in fewer detected neutrons. Therefore, the detector
should have enough target material to give a reasonable neutron reaction rate before
saturating the preamplifier. Detector B has a 2-mm hole on the high voltage tube which
is covered with boron-lined copper piece. Consequently, the detector is not fully lined,
and the area of detector B that is sensitive to slow neutrons is reduced to approximately
2 mm in diameter. Detector A was made with no target material in order to investigate
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the operation of the design as an ionization chamber. The detector is to be tested with
an alpha source before proceeding with detector B for neutron detection. Additionally,
while detector B interacts to both neutrons and gamma rays, detector A responds to
gamma rays only. Therefore, neutron information can be derived by placing both of the
detectors at the same location and subtracting off the gamma-ray information, which is
obtained from detector A, from the results from detector B. This method gives the results
about neutron flux without gamma-ray contribution. The boron coating in detector B was
chosen to be 1.4 µm thick. The thickness of boron is an important factor in detector
efficiency because it adds an additional layer through which alpha particles or lithium
ions must travel through to the detector volume. They will lose some of their energy in
the boron wall before reaching the inside of the detector. Lower energy leads to smaller
pulses. The worst case scenario is when the reaction product loses all of its energy in
the boron. When that happens, the neutron will not be detected even though it is
captured by boron. In high rate imaging applications where B4C was used, thermal
neutron detection efficiency was predicted at approximately 3% for a planar B4C with a
thickness of 1 µm [22]. The efficiency did not improve significantly with the boron
thickness and reached a maximum of 4.7% at 3.2 µm [22]. The ranges of an alpha
particle and a lithium ion in B4C are 3.36 µm and 1.71 µm, respectively [23].

Because the low reaction energy of B(n, α) results in a small number of charges
generated, a small signal is expected from the detector. Therefore, to maximize the
signal-to-noise ratio, attention must be paid to the design of electronics or other sources
of noise, such as cable type and/or length. Details on the electronic design, charge
generated in the detector and other details of electronic implementation, especially the
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preamplifier, are given in section 3.2.1.

3.1.1 Geometry of the detectors
Both detectors A and B share the same design as shown in Figure 8. The detectors
have a right circular cylindrical shape with an anode wire in the center. Both the
cylindrical tube connected to the high voltage and the anode wire were made from highpurity copper (99.99%) to avoid a neutron reaction from material impurities. Small Teflon
tubing was used to center the anode wire in the middle of the larger ceramic tube, which
provided insulation between the anode and the high voltage and the ground tubes. The
details are summarized in Table 3.

Coax Cable
(Jacket)

High Voltage
Wire

Coax Cable
(Shield)
Coax Cable
(Insulation)
Coax Cable
(Conductor)

Ground Tube
Resistor/Capacitor
(High Voltage Filter)

Copper Wire
(Anode)

Ceramic Tube
(Insulation)

Hole for B10

High Voltage
Tube

Figure 8 A sketch of the detector (Drawing is not to scale). The detector is made from a
copper anode wire with a diameter of 0.50 mm and a copper high voltage tube with an
inner diameter of 3.175 mm. A 2-mm hole was drilled out for boron at the center of the
active volume.
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Table 3 Specification of the parts of the detectors
Parts

Details

Length of the active volume

12.7 mm long

Anode wire

∅0.50 mm, high-purity copper (99.997%)

High voltage tube

3.175 mm inner diameter, 0.10 mm wall thickness, high-purity copper (99.998%)

Target material

1-µm thick boron coated on copper, ∅2mm curved disc on the high voltage tube

Ceramic insulation

1.6 mm (0.063”) inner diameter, 3.175 mm (0.125”) outer diameter

High voltage filter

100 kΩ resistor and 0.01 µF capacitor

Cable

Anode wire: coaxial cable RG-62A, ∅6.15 mm, 22 AWG, 1.68 m (5.5 ft) from
the detector to the preamplifier, capacitance 13.2 pF/ft,
High voltage cable: 28 AWG, 600 V

The longest track in air of an alpha particle which is a product of B(n, α) reaction and has
an initial energy of 1.47 MeV is approximately 7.35 mm [24]. Because the energy of an
alpha particle ranges from 0 to 1.47 MeV, the path length varies starting from 0 to 7.35
mm. However, in a detector not all of the alpha particles will lose all of their energy.
Small size and cylindrical shape of the detector put limitations on the path length. In
some directions, an alpha particle cannot travel to its full range in air and will crash into
the wall or the anode wire before losing all of its energy in the detector. Figure 9 shows
the simplified two dimensional cross section of the detector crosswise and lengthwise,
respectively. In some angles the particle can travel further than others which results in
more energy absorbed in the detector considering equal initial energy when the particle
enters the detector active volume. As a result, the spectrum of the detector will not have
a rectangular shape as ideally shown in Figure 3. A simulation of the detector using
MCNP software was performed by Jan Vermaak [25]. Because only one of the reaction
products enters the detector per one captured neutron, the final spectrum of the detector
is a combination of the spectrum due to the alpha particle or the lithium ions separately.
Figure 10 shows the spectrum due to each product and the final spectrum from the
simulation [25].
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(a)

(b)
Figure 9 Possible paths of the reaction products (simplified to 2D) (a) crosswise cross
section (b) lengthwise cross section

Figure 10 Spectrum of the detector by MCNP simulations [25]
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The number of charges created in the detector during one radiation interaction depends
on the number of ion pairs formed along the track of the reaction product which is in turn
directly proportional to the energy it loses in the detector. In the best case scenario the
reaction product will lose all of its energy inside the detector, and the highest possible
energy loss is 1.47 MeV by an alpha particle. The average energy per ion pair created is
typically around 25 to 35 eV/ion pair [8]. Therefore, the possible maximum number of ion
pairs formed in the detector is between 42000 and 58800 pairs resulting in the total
charge of 6.72x10-15 C to 9.408x10-15 C from the electrons and negative ions (the
number of charges carried by one electron or one positive ion is 1.6x10-19 C). With a
typical preamplifier gain of 1012 V/C, this gives a maximum voltage peak of 6.72 mV to
9.408 mV.

3.2 Electronic circuits
The electronic circuits are responsible for processing charges that are collected from
the detector. Since a small number of secondary charges are generated from a boronlined ionization chamber due to low reaction energy, a high gain charge sensitive
preamplifier is required to amplify the signal. This high gain also results in amplification
of noise. Consequently it is very important to keep the noise level at a minimum
including shortening the cable length between the detector and the preamplifier circuit.

For simplicity, the electronics should be located near the control room and at a distance
from the reactor to avoid radiation damage, especially inside or near the reactor core.
Silicon is one of the common elements in integrated circuits (ICs) that is easily damaged
and can have a short life in a high radiation environment. The damage includes both
single-event effects, such as alteration of the memory, and long-term effects, such as
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crystal structure disruption [26]. However, parasitic capacitance in the cable from the
detector to the electronics is one of the common sources of noise in the system [8]. A
long cable usually introduces a several fold increase in noise to the signal. Therefore,
the preamplifier, especially the charge sensitive preamplifier for low level signal
produced by boron, must be located close to the detector. To compromise between the
damage from the radiation and the increased noise from the cable, the design decision
was made to place the electronic circuits at approximately 1.68 m (5.5 ft) from the
detector. The electronics were laid out on two printed circuit boards (PCBs): a 16.9 mm x
298.5 mm (0.664”x11.75”) board and a 16.3 mm x 198.8 mm (0.640”x7.825”) board as
shown in Figure 11. They were assembled back to back and then shielded in a 300 mm
long grounded copper tube. The tube will be placed 1.2 m (four feet) up from the bottom
end of the second section of the pole as shown in Figure 6. Below the circuit boards, the
pole was filled with layers of polyethylene balls and lead balls both of which were 6.35
mm (0.25”) in diameter. Polyethylene and lead are effective at absorbing neutrons and
gamma rays, respectively; therefore, they provide some radiation shielding to the
circuits.

Figure 11 Electronic circuit boards being assembled back to back (in original color)
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Figure 12 shows the block diagram of the electronic system. The circuits used in the
experiment reported in this thesis consisted of a preamplifier, an analog shaping
amplifier, a test pulse generator, a microcontroller, a communication circuit and a power
supply. Each component is discussed later in this chapter. Two connections were made
between the detector and the electronics: the output of the detector and the filtered high
voltage. There were seven wired connections between the circuit and the user’s end.
The outputs from the preamplifier and the shaping amplifier were connected to the data
acquisition unit for digitization. Other connections were power lines, high voltage line,
and communication signals. The connections are listed in Table 4.

Figure 12 Block diagram of the electronic system. The circuit includes a preamplifier, an
analog shaping amplifier, a pulse generator, a power supply, and a control and
communication circuit
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Table 4 Connections from the circuit to the detector and to the user’s end. The first had
two signals while the latter had five connections.
Signal

Connection

Cable details

Length (m (ft))

Detector output

From the detector to the circuit,

Coaxial cable RG-62A

1.68 (5.5)

ground shielded cable

Wire gauge 22 AWG solid
Polyethylene dielectric insulation

∅ 6.15 mm
Characteristic impedance 93 Ohm
Ground capacitance 13.2 pF/ft
Filtered high voltage

From the circuit to the detector

High voltage line

From the high voltage generator to

28 AWG, 600 V

1.68 (5.5)
27.43 (90)

the circuit
Preamplifier

Output of the preamplifier to the data

Coaxial cable RG-174/U

acquisition unit and the oscilloscope

Wire gauge 26 AWG

27.43 (90)

Characteristic impedance 50 ohm
Shaping amplifier

Power line

Output of the shaping amplifier to the

Coaxial cable RG-174/U

data acquisition unit and the

Wire gauge 26 AWG

oscilloscope

Characteristic impedance 50 ohm

9 V DC power and ground from an

27.43 (90)

27.43 (90)

AC/DC adaptor to the circuit
Tx and Rx

RS232 Rx and Tx between the circuit

27.43 (90)

and the user’s computer

The cable between the detector and the preamplifier has two important characteristics:
size and capacitance. When comparing between two coaxial cables, a thinner cable
typically has higher capacitance which leads to more noise in the system. Although a
low-capacitance cable is preferred to lessen the noise, size of the cable is limited by the
detector holder. The diameter of the cable must be less than 7.747 mm or 0.305” to fit
inside of the holder. In the current system, the cable is 6.15 mm (0.242”) in diameter and
has a capacitance of only 13 pF/ft. Thus, 1.68 m or 5.5 foot of cable adds approximately
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70 pF of capacitance. In the initial design of the previous prototype circuit, the
preamplifier alone had about 400 electrons rms, and 4 electrons rms was added per pF
of capacitance. As a result, the noise was increased by 280 electrons rms; in other
words, a 1.68 m cable introduced 70% increase in noise from the original 400 electrons
rms noise (without the cable connected) to 680 electron rms noise.

3.2.1 Preamplifier
The preamplifier is the most critical part of the circuit. The signal from the detector is
quite small because of the low Q-value of the neutron-boron interaction; therefore, a
high-gain charge sensitive preamplifier is required. The preamplifier has a pulse mode
operation in which each neutron event can be observed; therefore, it provides an
opportunity to obtain as much information as possible about the neutron and gamma
interactions. The electric field of the high voltage applied to the detector forces the
secondary charges created from the neutron-induced interaction to drift toward the
corresponding electrodes where these charges are collected. During charge collection
time these charges are integrated on the input capacitor which results in an increase of
the preamplifier output voltage. In the current design, the input capacitor is
approximately 1 to 2 pF providing a conversion gain of 5x1011 to 1x1012 V/C (1 F is equal
to 1 C/V). An example of the preamplifier output is shown on channel 1 or the top line in
Figure 13. It was the test performed at the University of Ontario Institute of Technology
(UOIT), Oshawa, Ontario, Canada, in November 2014. Neutron events were created by
a P385 neutron generator, and a 50 mm thick polyethylene block was used to moderate
the generated neutrons. The detector used in this test had the full boron-lined wall (not
just an area of 2 mm as for detector B). The preamplifier output shows an approximately
5 mV rise in the voltage in an order of a few tens of microseconds suggesting a neutron
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event. Channel 2 or the bottom line in Figure 13 shows the output of the analog shaping
amplifier.

Figure 13 Example of the response of a neutron event. Channel 1 (the top line) and
channel 2 (the bottom line) show the outputs from the preamplifier and the shaping
amplifier, respectively.

To reset the output of the preamplifier, the capacitor must be discharged which can be
accomplished
omplished in a number of ways
ways. One method
hod is pulsed optical feedback where the
t
input field-effect
effect transistor (FET) of the operational amplifier (op
(op--amp), which is
connected to the capacitor
capacitor, is briefly illuminated to discharge the capacitor [27].
Alternatively the input of the op
op-amp
amp and the capacitor may be temporarily connected to
ground through a transistor [28].. This method is called transistor reset. Another common
approach called feedback resistor reset discharges the capacitor through a resistor
resisto [29].
A simplified schematic of such a circuit is shown in Figure 14. The
he charges in the
capacitor bleed off through the feedback resistor '1 which is typically permanently
connected. Generally a large resistor is preferred as the resistor value is inversely
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proportional to the noise level [8]. In other words, a smaller resistor causes more noise in
the system than a larger one. However, a large feedback resistor may be replaced by a
small one in series with a switch [29]. The resistor is then only connected to the circuit
momentarily during the reset period. In reference [29], a relay was used as a switch, and
the feedback resistor was 10 MΩ which limits the current and prevents the relay from
oscillation.

Figure 14 Simplified schematic of the charge-sensitive preamplifier with a feedback
resistor reset [29]

In this work, a feedback resistor reset was implemented. However, instead of connecting
the feedback resistor permanently to the preamplifier circuit, the connection was made
through a reed relay, similar to that of reference [29], but a large resistor, 100 MΩ, was
used to preserve the low noise level. The relay switch was controlled by an on-board
microcontroller; as a result, the reset mechanism of the preamplifier had two modes of
operation: unlatched and latched. The latched mode was identical to a charge-sensitive
amplifier with a large feedback resistor permanently connected for reset. The output of
the preamplifier is connected to the data acquisition unit as well as a shaping circuit.
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3.2.1.1 Modes of operation
The preamplifier circuit currently operates in pulse mode with a large feedback resistor
and offers two modes of reset mechanism: unlatched and latched.

Mode 1: pulse mode – unlatched reset
In this mode of operation, the feedback resistor is normally disconnected from the
preamplifier output. Without a resistor to discharge, charges generated from neutron
events will accumulate. Ideally, the capacitor will not have any leakage and will keep all
of the collected charges; therefore, after all the charges from a neutron event are
collected, the number of charges in the capacitor will remain constant. Consequently, the
output voltage of the preamplifier will rise only when there is a neutron event and will
keep a constant level in between the events. Figure 15 shows an example of the
preamplifier output. Channel 1 (the top line) and channel 2 (the bottom line) are the
responses of the preamplifier and the analog shaping amplifier, respectively, to two
neutron events (two smaller events in the middle of the screenshot) and three test
pulses (three events with the same height and evenly spaced on the left, right, and in the
middle). From the experiment, the estimated rise time of a neutron event was 20 to 35
µs, and the observable pulse height was approximately 5 mV. The maximum number of
charges collected along the track of the reaction product in the detector is 9.408x10-15 C,
as per section 3.1. The one-pF input capacitor in the preamplifier circuit provided a gain
of 1x1012 V/C. As a result, the maximum voltage for each neutron event was 9.408 mV.
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Figure 15 Outputs of the preamplifier when operating in pulse mode with unlatched
reset. Channels 1 (the top line) and 2 (the bottom line) shows the preamplifier output and
the shaping amplifier output, respectively.

If there is no leakage, the output level of the preamplifier will increase with every neutron
event, and all the collected charges will remain in the capacitor until the microcontroller
issues a reset signal to connect the ffeedback
eedback resistor to the circuit. The capacitor will
then discharge, and the preamplifier will restore its baseline potential output. For the
best results, the reset must occur before the preamplifier saturates. Once the saturation
level is reached, no further information can be derived from the output signal which is
simply a flat line.

One of the benefits the pulse mode with unlatched reset offers is that
hat the information
about both neutron and gamma events can be obtained from the output signal. When
the detector is exposed to gamma rays, the secondary electrons are generated in the
detector volume and will also drift to the collecting electrodes under the influence of the
high voltage electric field. As a res
result, the charges stored in the input capacitor are
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generated not only from neutron interactions but also from gamma events. However,
because a gamma ray photon usually loses only a small fraction of its energy in the
detector volume, very few charges are generated from a gamma event compared with
the number created by a neutron event. These charges will be quickly discharged before
producing a detectable signal if the feedback resistor is connected. Without the resistor,
the small but frequent gamma contribution will result in a slowly increasing slope
between sharp rises from neutron events. Steepness of the slope suggests the intensity
of gamma radiation. The more gamma rays the detector is exposed to, the steeper the
slope is. Therefore, in this mode of operation both neutron and gamma information can
be derived from the preamplifier output. However, the unlatched reset preamplifier does
not work well in a high gamma ray environment. Intense gamma rays will cause a very
steep slope on the output and the preamplifier will quickly saturate. The system is then
no longer useful until the circuit is reset.

One of the basic pieces of information derived from this mode is the average charges
created by a neutron, referred to as /23 . The number of charges depends on the
product of the input capacitance and the average size of neutron pulses. This
relationship can be written as:
/23 = ()23

(3.1)

where /23 is the average charges created along the track of the reaction product, ( is
the input capacitor, and )23 is the average size of the neutron pulses. For example, if

the neutron pulse is 1 mV on average, the number of charges is equal to 1x10-15 C per
neutron event (assuming the input capacitance is 1 pF). This information can be used in
the analysis in other modes of operation.
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Mode 2: pulse mode – latched reset
The reset signal is issued by the microcontroller and controls the connection between
the feedback resistor and the circuit. The connection is mechanical rather than electrical
to reduce the leakage to the minimum; however, it requires longer time to make a good
connection and also longer recovery period. The mechanical part normally vibrates when
the connection is switched on and off. Since the preamplifier is sensitive to vibration, the
output signal can be unstable for a short period of time (in an order of microseconds)
after the reset occurs. Therefore, the system operating in the unlatched reset mode only
works well up to a certain radiation intensity. Frequent resets which are required in high
neutron and gamma environments to prevent saturation of the preamplifier leads to a
longer reset and recovery time than operating period. In this situation, it is better to
permanently connect the feedback resistor to circuit or, in other words, to latch the reset
to avoid the frequent dead time from mechanical movement of the reset mechanism.

Because the feedback resistor is permanently connected to the circuit, the capacitor will
continuously discharge. Thus, if the reaction rate is not too high, the preamplifier output
will return to its baseline potential shortly after each radiation event. An example of the
preamplifier output is shown in Figure 16. The discharge time constant is equal to the
product of the feedback resistance and the input capacitance. This restoration allows the
preamplifier to operate in pulse mode longer in the high radiation environment before the
saturation level is reached.
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(a)

(b)
Figure 16 Outputs of the preamplifier and the shaping amplifier in response to a neutron
event (a) the preamplifier output (b) the shaping amplifier output

Even though the latched reset has an advantage in high radiation environment, the
information about small events including gamma interaction could be missed. This
happens when the number of charges generated in the radiation event is too small such
as a gamma event or when only a small proportion of the energy of the boron-neutron
interaction energy is deposited in the detector. The feedback resistor will remove the
charges from the capacitor before an observable output signal is generated. Also, more
noise is expected in the output signal compared with the unlatched reset mode due to
the additional resistor is connected to the preamplifier. The lower resistance in the circuit
45

will result in more noise in the signal.

The preamplifier circuit used in this work switches between these two modes of
operation by a user command sent to the on-board microcontroller. The microcontroller
then unlatches or latches the reset. Mode 1, a pulse mode with unlatched reset, is a
default power on mode of operation. Because the event rates in the reactor can vary
largely, one mode of operation may be better than the other or some experiments may
require the test to be repeated in both of the modes to gather the information needed.

Mode 3: current mode
Although pulse mode gives more detailed information about the radiation event, pulse
pile-up and saturation can become problematic at very high radiation intensity. In this
case, current mode is more suitable for the preamplifier. In current mode, the feedback
resistor is permanently connected similar to the pulse mode with latched reset (mode 2);
however, the value of the resistor is different. The current mode has much lower
feedback resistance which allows current to flow through. The size of the feedback
resistor has an impact on the preamplifier in two aspects: the noise of the preamplifier
output and the gain of the current-to-voltage conversion. The signal becomes noisier
when the lower resistor is used, but it is necessary in the current mode. For the same
amount of current flowing through two different resistors, the circuit with the smaller
resistor value will produce a lower output voltage. The output voltage is equal to the
current multiplied by the feedback resistor.

Because the current is monitored instead of the direct charge, a current-mode system is
less sensitive to individual events. Current mode provides information about the event
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rate which can be derived from the measured output voltage. First the voltage is
converted back to the current by divided the output by the feedback resistance or
4 = )/'1 . Because the current is the number of charges per second, one can estimate
the neutron event rate. Refer to the pulse mode, the average number of charges per
neutron event /23 is previously derived in Equation (3.1). The number of the detected

neutrons per second, referred to as the event rate ', is then equal to the current divided
by the average charges per neutron or
' = 4//23 .

(3.2)

Although in the high radiation the preamplifier is better operating in the current mode, it
is not suitable in the environment where the gamma flux is strongly present. This is
because the current is the result from all the charges collected at the electrodes no
matter how the charges are created. One cannot tell the difference between the charges
created by the neutron and the gamma interactions. Therefore, it is important that the
number of charges from the neutron event be sufficiently higher than from the gamma
event so that the gamma charges are negligible. A gamma compensated detector is also
recommended.

In this work, a feedback resistor of 100 MΩ is used; however, it can be replaced by
different values to give a larger dynamic range. Automatic switching between these
modes of operation is also possible.

Mode 4: high voltage current mode
The system can operate in another mode of operation in which the radiation is not
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directly measured at the preamplifier output. In the situation where the count rate is very
high, the radiation can be alternatively measured by monitoring the current through the
high voltage line. The high voltage is normally filtered by an RC circuit to eliminate
voltage variation and keep the line stable. This provides an opportunity to measure the
current by observing the voltage across the resistor of the filtering circuit. Normally the
large resistor is used for the high time constant; however, it causes a slow response of
the circuit to the radiation event. For example, the filtering circuit with 10 MΩ resistor and
0.01 µF capacitor has the time constant of 100 ms, so the response of the circuit is in the
Hz range. Then the lower resistor value is preferred. The current filter used 100 kΩ
resistor giving a 1 ms time response.

Since this mode operates in at similar manner to the current mode (mode 3), the neutron
information can be derived using the same method. The difference is the voltage across
the feedback resistor is substituted with the voltage across the high voltage resistor. The
high voltage current mode was not tested in the current system.

3.2.1.2 Expected dynamic range of neutron fluxes
Between these modes of operation, the system can operate over a wide range of
neutron fluxes. A rough calculation was made to determine whether the system
capability was within an acceptable range.

High voltage current mode
The maximum neutron flux in this mode is limited by the voltage across the resistor that
is measured by the analog-to-digital (ADC) circuit. For an input from 0 to 5 V the
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maximum current through the high voltage resistor (100 kΩ) is 50 µA. From Equation
(3.1) and the example in section 3.2.1.1, the average charges per neutron event or /23

is 1x10-15 C. According to Equation (3.2), the event rate ' or the number of detected

neutrons per second is equal to 5x1010 neutrons/s. Given that the rate of detection is
less than 1 in 1000 and that the boron area is approximately 3 mm2 which is 3/100 of
cm2, the maximum neutron flux is in the range of 5x1010x1000x33 = 1.65x1015
neutrons/cm2/s which is approximately the maximum core flux during a large power
pulse. Steady-state reactor power is 1013 neutrons/cm2/s.

The minimum neutron flux depends on the resolution of the ADC circuit. A 13-bit
resolution provides approximately 8000 levels or 0.625 mV per channel. If an accuracy
of 10% is desired, the voltage across the high voltage resistor must be 6.25 mV or
higher or the current must be at least 62.5 nA. Applying Equation (3.1) and (3.2), ' is
62.5x106 neutrons/s. The minimum core flux is then approximately 62.5x106x1000x33 =
2x1012 neutrons/cm2/s approximately.

Current mode – latched reset
The current mode supports the range of neutron fluxes in between the pulse mode and
the high voltage current mode. Similar to the high voltage mode, the maximum neutron
flux is determined by the maximum voltage of 5 V across the feedback resistor of 100
MΩ. The maximum current is then equal to 50 nA which is 1/1000 the maximum current
of the high voltage mode. Therefore, the minimum and maximum neutron fluxes are 109
and 1012 neutrons/cm2/s, respectively. The corresponding detected neutron rates ' are
104 to 107 neutrons/s, respectively. If a different resistor is used such as 1 GΩ, the
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minimum and maximum neutron fluxes becomes 108 and 1011 neutrons/cm2/s,
respectively.

Current mode – unlatched reset
When the reset is unlatched, each boron-neutron event adds the charges to the
capacitor until the preamplifier is saturated at 5 V. Given the average increased voltage
per neutron event is 1 mV (from the previous example in section 3.2.1.1), the
preamplifier will saturate if 5000 neutrons are detected. If the preamplifier is reset every
second, this is equivalent to the maximum neutron flux on the order of 108
neutrons/cm2/s (5000 neutrons/s, 1 in 1000 neutrons are detected, and the area of the
detector is 3/100 cm2). However, the reset circuit is capable of resetting the preamplifier
at every 100 ms. Therefore, the maximum neutron flux can be as high as 109
neutrons/cm2/s.

Similar to the high voltage current mode, the minimum neutron flux depends on the ADC
resolution. For 10% accuracy, the increased voltage of at least 6.25 mV is required
which is 1/800 of the full scale of 5 V. Consequently, the minimum neutron flux is 1/800
of the maximum flux. For the 100 ms reset interval, the minimum flux is then on the order
of 106 neutrons/cm2/s.

Pulse mode
In pulse mode of operation the neutron flux range is bounded by the time required to
recognize one pulse. The separation between pulses must be sufficient not to create too
much pulse overlap; however, with some dead-time corrections some pulse pile-ups can
be resolved. The shaping circuit normally takes 50 µs to process a neutron pulse. The
50

average separation between pulses should be at least double or 100 µs. For 100 µs
separation between pulses, the number of detected neutrons per second is limited to
1x104 neutrons. Thus, the preamplifier can operate in pulse mode from 0 to 108
neutrons/cm2/s.

From these calculations, the preamplifier is expected to support neutron fluxes in the
range from 0 to 1015 neutrons/cm2/s by switching from one mode to another. Pulse mode
is preferred in low fluxes and high voltage current is needed in high flux situation. The
current mode is used in the intermediate range.

It is important to note that when the event rate ' is low, one has to wait for a period of
time to accumulate enough pulses to achieve the desired accuracy. For example, a
minimum of 100 pulses are needed for 10% accuracy. If ' is equal to 10 neutrons/s,
one has to acquire the data for 10 seconds in order to detect 100 pulses. In reactor
transient analysis, the rate at 10 ms interval are of interest. The count rate or the number
of the detected neutron must then be 1x104 neutrons/s at the minimum to get 10%
accuracy. However, the rate of the detected neutrons is limited to 1x104 in pulse mode of
operation. Therefore, the pulse mode will not be able to achieve 10% accuracy in the
analysis of 10-ms intervals.

3.2.2 Shaping amplifier
The shaping amplifier performs analog pulse processing as a differentiator by a
capacitor-resistor (CR) circuit followed by an integrator which is a resistor-capacitor (RC)
circuit. Figure 13 shows the output of the CR-RC shaping circuit (channel 2 or the
bottom line of the screenshot). The circuit used had a shaping time constant of 10 µs.
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The shaped pulses correspond to the neutron events or the test pulses simulating
neutron events. Under normal circumstance the CR-RC shaping circuit generates pulses
due to gamma events only when gamma rays lose enough energy in the detector and
raise the preamplifier output level high enough to produce low-amplitude pulses.

Since the shaping circuit amplifies the preamplifier signal to a much larger pulse
(approximately 80 times), it can provide preliminary information about neutron events
that cannot be observed instantly from the preamplifier output. This allows the shaped
pulses to be easily observed once low-amplitude signals from electronic noise are
discriminated against. The shaping amplifier is also connected to the data acquisition
unit so that the output can be used as reference and for comparison between the
conventional analog circuit and digital post-analysis of the preamplifier output.

3.2.3 Test pulse generator
A test pulse generator was used to simulate charge collection of neutron events by the
detector. The ability to create test pulses greatly helped in debugging and verifying the
operation of the electronic system.

3.2.4 Microcontroller
A microcontroller was used to control several components on the circuit board. This
includes the operation of the preamplifier, such as the reset mechanism, test pulse
generation, and possibly high voltage management. The microcontroller communicates
with the user to receive user’s commands such as to latch or to unlatch the reset, to turn
on or off the test pulse generator, or to set the size of the test pulses.

52

3.2.5 Communication circuit
A communication channel is provided between the user and the microcontroller through
a standard 3-wire RS-232 serial interface. The cable and transmission speed can
maintain reliable communication over 27-meter (90-foot) distance which is required
between the location of the circuit and the user’s computer. The system offered onecharacter commands including turning on the test pulse generator, increasing or
decreasing the size of the test pulses, and latching or unlatching the reset mechanism of
the preamplifier.

3.2.6 Power supply
Dual supply voltages were generated on the circuit board to supply both analog and
digital circuits. A 9-V DC input was required.

3.2.7 High voltage generator
An external high voltage generator, Tennelec TC950, was used in this work. The
generator offered one output in either negative or positive polarity up to 5 kV. This
voltage was sufficient to accelerate the charged particles before they are neutralized by
recombination.

3.3 Data acquisition unit
The data acquisition unit is responsible for digitizing and storing the output from the
electronic circuit. It was connected to the preamplifier and the shaping amplifier. The
digitized outputs were stored on the acquisition unit to be post-processed by the data
analysis software after an experiment was completed. The data acquisition unit was
partitioned into a data acquiring component and a storage component.
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3.3.1 Data acquisition
The data acquiring component is responsible for digitizing analog input signals at high
speed. Since in this application air was used as the fill gas in the detector, the low
mobility of air results in slow rise time of the preamplifier output. According to Figure 13,
the rise time was approximately 25 µs. According to the Shannon sampling theorem, the
sampling frequency is required to be at least twice the signal frequency (This minimum
frequency is commonly called Nyquist rate) [30]. Therefore, the minimum sampling
frequency for this particular system was 80 kHz. However, the data acquisition unit was
designed to be flexible to interface with other systems that could have much faster rise
time. Therefore, the acquisition system was designed to sample at a frequency up to 250
MHz. At this rate, the system is theoretically capable of working with an application that
has a rise time in the nanosecond range.

The transfer rate from the digitizer to the storage disk was selected to be high enough to
keep up with the sampling frequency. If each digital sample is two bytes long, the
transfer speed of 500 MB/s is required for the sampling frequency of 250 MHz.

An off-the-shelf product that meets the requirement has recently become available from
DynamicSignals LLC. The brand and model of the product used in the current system
was Signatec PX14400D2. A photograph of the card is shown in Figure 17, and the
important features are summarized below [31]:
•

2 DC-coupled analog input channels

•

6 full scale peak-to-peak voltage ranges from 200 mV to 3 V

•

14-bit analog-to-digital resolution
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•

20 MHz – 400 MHz sampling rate per channel

•

512 MB RAM for raw data capture

•

8-lane PCI express (PCIe) bus interface for data transfer (up to 1400 MB/s)

The card has two acquisition modes: continuous and buffered modes. In continuous
mode RAM is used as FIFO memory when digital samples are streamed directly to
PCIe. This mode requires the sample data to be further transferred from the PCIe
interface to the storage component before the FIFO is full; otherwise, the data
acquisition will stop and an error will be notified. In buffered mode, which has a
selectable buffer size, the samples are first stored in RAM before transferred to the
computer. Thus, the speed of the storage unit is not an issue when operating in this
mode. However, during the data transfer no additional samples can be taken which
means some parts of the signals will be lost. The data reported in this work was taken in
the buffered mode.

Figure 17 A photograph of the Signatec PX14400D2 board [31] (in original color)

A scope application software was provided with the digitizer board. Through its graphical
user interface (GUI), the sampling frequency and the input voltage range can be set. In
55

addition, several recording options are available such as acquisition mode settings or
selection of the buffer size. Some screenshots of the GUI are shown in Figure 18. This
application has sufficient features to accomplish the preliminary tests of the detector and
the electronics. Therefore, it was used in the experiments reported in this thesis.
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(a)

(b)
Figure 18 Signatec scope application software screenshots (a) Main screen (b) Record
data window
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3.3.2 Data storage
The analog inputs were sampled by a PX14400D2 acquisition card. The output,
consisting of two-byte converted digital values, was transferred through PCIe to a
storage device. The recording speed does not depend only on how fast the data are
moved to the computer but also on write speed of the storage component itself. For
example, a device with high write speed, such as a solid state drive (SSD), allows data
to be saved faster than a conventional storage device such as a hard disk drive (HDD);
hence, data transfers are completed quicker. In this work, most of the data were
collected from two channels, one for the preamplifier output and another for the shaping
amplifier output, at 20 MHz resulting in a recording speed of 80 MB/s.

The experiments in this work were performed in buffered acquisition mode in which a
selectable-size block of data was buffered on the PX14400D2’s RAM before being
transferred to the storage component. The acquisition was paused during the data
transfer period and restarted after a whole block of data was completely saved on the
drive. Therefore, the write speed of the storage device affects the total recording time of
the test. To lessen this time a single SSD was used for data storage in the current
system because the SSD generally offers much higher performance than the HDD does.

The purpose of the experiments in this thesis is to establish the baseline performance of
the system. Therefore, the current system was designed to have only a few necessary
components and to operate in the simplest mode. The simple set-up of the data
acquisition unit, which consists of a PX14400D2 card operating in buffered mode and an
SSD, requires considerably less development time and is sufficient to accomplish the
goal.
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High-speed continuous recording system
Although data acquisitions performs reliably in a buffered mode, the pause in acquisition
during data transfer can become problematic in the experiments that require continuous
data recording. Nevertheless, the acquisition system, PX14400D2 and the scope
application software, can also function in continuous data acquiring. After some
experimentation, it was found that the write speed of the simple storage structure was
not high enough to sustain long continuous data saving especially at high sampling rate.
The sampling frequency of 250 MHz resulted in a raw data throughput of 500 MB/s.
PCIe technology is capable of transferring the data to the computer at this rate (250
MB/s per lane for PCIe 1.x [32], 8 lanes for a PX14400D2 card [31]); therefore, the
limitation of the system is usually the speed of the storage device. An SSD generally has
high read and write performance. For instance, a 1-TB solid state drive from Samsung
(model MZ-7KE1T0BW) offers up to 520 MB/s sequential write speed [33]. However, the
experiments suggested that the drive could not sustain its maximum speed for long
continuous periods, and eventually the acquisition will stop. In addition, for long
experiments a massive amount of data will be generated. For example, for an eight-hour
experiment the total of 14.4 TB of disk capacity is required to store all of the raw data.
Therefore, multiple disk drives are then needed to create enough storage space.

The proposed design for high-speed continuous recording system for the ultimate
system is to use an array of disk drives for data storage. The data are to be written to the
drives in cycles. The first block of samples is to be sent to the first drive. The next block
is to be sent to the second drive in the array and so forth. After the last drive is reached,
the writing process cycles back to the first drive. Although the performance of each disk
may not meet the required speed, this structure provides an individual disk enough time
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to manage the received data before the next set of samples arrives. This configuration
can be performed by a customized software or driver, or another option is to configure
the disks as RAID in which RAID controller is in charge of data management. Either way
this structure is a cost-effective approach to store a large amount of data at very high
speed. Low performance but high capacity disk drives can be combined in the array. For
example, five 3-TB HDDs from Seagate (Model: ST3000NM0053) will form 15-TB disk
space. Even though the data transfer rate of an individual drive is sustained at 175 MB/s
[34], the cost is only $100 CAD per 1 TB (from bestbuy.ca as of July 2015). The SSD is
much more expensive even if, similar to the HDD, its price decreases over time. For
example, a 1-TB SSD from Samsung (MZ-7KE1T0BW) costs $800 CAD (from
bestbuy.ca as of July 2015).

This design of a disk array to perform high-speed continuous data acquisition has not yet
been implemented; however, this structure is definitely beneficial to future use of the
system in upcoming experiments.

3.4 Data analysis software
The analysis software is responsible for processing the output from the preamplifier and
the shaping amplifier stored on the acquisition unit. Each digitized sample was a raw 16bit unsigned binary number. The software analyzes the stream of data samples to find
radiation pulses. These can be accomplished by processing either the preamplifier
directly or the output already shaped by the analog circuit.

Most of the preliminary studies of the system were performed based on analysis of the
output shaped by the analog circuit. The shaping amplifier converted the sharp rise in
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the preamplifier output to a pulse which has a much higher amplitude as shown in Figure
15. As the analog shaping circuit implemented a CR-RC filter, a significant level of noise
was removed from the signal. Pulse processing only involved locating the pulses that fall
under specific criteria and finding the height of the pulses. The analysis procedure of the
shaping amplifier output is discussed in Appendix A.

Although the shaping circuit provides some noise filtering, the ability of noise rejection of
the analog filter can be limited by the electronic hardware. Some noise can still be
present in the output of the shaping amplifier including microphonic noise. Alternatively,
the preamplifier output can be directly digitized, and a digital filter can be applied to
eliminate noise coupled in the signal. Since the data were post-processed, different
types of filters can be applied to the data and the variables of the filter can be adjusted to
find the most suitable filter for the characteristics of the preamplifier signal which can
improve the test results.

Another approach of generating a radiation pulse and removing the periodic lowfrequency noise, such as microphonic noise, is proposed. This approach is
accomplished by considering the preamplifier signal before and after an event as two
separate lines or curves which meet at the point of an event. However, their voltages at
the meeting point are not the same and are unknown due to the distortion from the
noise. An example of the microphonic effect is shown in Figure 19(a). The height of the
event caused by a neutron is then equal to the difference between the estimated levels
at the time prior to and after the event. When linear or quadratic regression is used to
find the lines or curves that fit the data the best, these processes are mathematically
equivalent to applying a finite impulse response (FIR) filter to the preamplifier output. As
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shown in Figure 19(b) a sharp rise in the preamplifier is now converted to a pulse similar
to the one generated by an analog shaping amplifier. The filtered output is theoretically
equal to zero where there are no radiation pulses and is equal to the height of the event
when a rise is present. A few variables in this process can be adjusted to match the
characteristics of the preamplifier signal which will result in different filter length and
coefficients. The output of the shaping amplifier is shown in Figure 19(c). The shaped
pulse showed the impact of the microphonic noise which coupled through the circuit.
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Figure 19 The preamplifier, the digitally-filtered output, and the shaping amplifier output
when the microphonic noise is present (a) the preamplifier response to a test pulse (b)
the digitally filtered output (c) the shaping amplifier output

The filtered output is further processed in the same steps as the analysis of the shaping
amplifier discussed in Appendix A; however, the running average filter in step 1 is no
longer required because the preamplifier signal is already pre-filtered. Pulse processing
then includes identifying the pulse in the filtered signal and creating the spectrum (step 2
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and 3).

The current system uses MATLAB to perform computations for pulse processing of both
analysis methods. However, custom analysis software may be required for the future
system to collect and process large amounts of data in a reasonable amount of time.
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4 ANALYSIS OF PREAMPLIFIER SIGNAL

Due to the small Q-value of the boron-neutron interaction, a detection system that uses
a high-gain charge-sensitive preamplifier, as in this work, would be sensitive to
microphonic noise. The latter noise is produced by movement nearby the preamplifier,
such as that induced by a moving rod in a reactor core. Such noise can, however, be
suppressed by digital filtering which provides accuracy and flexibility in signal
processing. A digital filter is less complicated to change its features to better suit the
characteristics of signals and noises than an analog filter, which is limited by the
electronic hardware. When the preamplifier signal is directly processed, a digital filter is
required to eliminate this noise. This chapter introduces such a filtering approach. Filter
variables were investigated using simulated test pulses.

4.1

Preamplifier output

The characteristics of the preamplifier signal vary depending on the detector and the
circuit. For example, in the unlatched mode an event will quickly raise the output level
during charge collection time similar to a step waveform. Because air is used in the
detectors in this work, the collection time is approximately 20 to 40 µs. Charge collection
does not happen at an equal rate due to different mobility between electrons and
negative ions. At the beginning more charges are collected so the signal presents a
steeper rise. During the time where there is no neutron event and no leakage in the
circuit, the signal will remain at the same level. When there is leakage in the
preamplifier, a slow increase is expected in the output. Figure 20 shows a waveform of
the digitized preamplifier signal. Ten samples, 6 to 6 and 6 to 6 , are taken from time
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 = 0 to  = 9.

Figure 20 Digitized preamplifier waveform in unlatched reset mode. Ten data points, 67
and 67 , are sampled from time  = 0 to  = 9. Variables 89 are coefficients of a filter.
Height of an event is equal to ∆$.

In signal processing, the preamplifier’s output pulse is digitized to capture the magnitude
of the rise in each neutron event or ∆$ in Figure 20. The height of the pulse is equal to
the difference between the two output levels of the preamplifier, one before and one
after the event, or the values taken at time  = 4 to  = 5, 6 and 6 respectively. In
practice, because of the system noise, the exact levels at these two locations are
unknown. However, an estimate of the sample 6 can be made by fitting a line to the

samples taken prior to an event or 67 , 67; , ..., 6 where  is a number of samples. The

same method can be done for the samples taken after the event, 6 , 6 , ..., 67 , to find
an estimate of 6 .

4.2

Line fitting

Line fitting can be performed by applying a least square linear regression. Each straight
line can be represented by a linear equation: 6 = < + =; therefore , 6 is the crossing
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point when < = 0 for the line fitted to the samples before an event while 6 is the
crossing point when < = 0 for the line fitted to the samples after an event. In other words,

6 = =′ and 6 = =′′ where = and =′′ are derived from the straight lines fitted to the

samples before and after an event, respectively. The pulse height ∆$, which is 6 − 6 ,
is then equal to = − =′.

A least square linear regression model is used to find the line of best fit. For a straight
line 6 = < + =,
==
=

∑6
∑<
−



 ∑ <6 − ∑ < ∑ 6
 ∑ < − (∑ <)

7
Thus, 6 = = = ∑7
9A 89 69 for the samples after an events and 6 = = = ∑9A 89 69 for

the samples before an events where 89 is a constant for  = 1, 2, … , . Therefore,
7

∆$ = 6 − 6 = = − = = F 89 69 + (−89 )69
9A

(4.1)

where the coefficient
89 = −

4.3

∑<
1
(∑ <)
+ G1 +
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 ∑ < − (∑ <)

 ∑ < − (∑ <)

(4.2)

Effects of microphonic noise

Microphonic noise is a low frequency signal, imposed on the preamplifier’s output. An
example is illustrated in Figure 21. The microphonic noise was generated by an alarm
sound. The detector was placed on a test bench with a noise source, which is a cell
phone, positioned beside it. The signal shows the discontinuity in the sinusoid where the
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output level abruptly rises from an event caused by a neutron or in this case a test pulse.

Figure 21 Preamplifier output to a test pulse when microphonic noise is present. The
preamplifier operated in the unlatched mode.

If a period of time before and after an event considered in the calculation is long enough
to include curves of the noise, the signal before and after an event is no longer two
straight lines. In this case, using line fitting to find the pulse height will result in large
error in the estimation; therefore, it is not the best option. Instead two curves, such as
quadratic curves, can be fitted to two portions of the signal, one before and one after the
event. The pulse height can still be calculated by finding the difference between the
predicted values before and after the discontinuity, i.e. 6 and 6 , respectively. This
method allows a radiation pulse to be found and to eliminate the effect of microphonic
noise.
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Similar to line fitting, curve fitting can be performed by using a least square quadratic
regression. For a least square quadratic regression model,
==
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With a similar analysis to the line fitting, the pulse height
7

∆$ = 6 − 6 = = − = = F 89 69 + (−89 )69
9A

(4.3)

where the coefficient
89 =
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Considering Equation (4.3), the pulse height equation derived for the quadratic curve
fitting is exactly the same as the equation for the line fitting (Equation (4.1)) but with
more complex coefficients. Choice between line fitting or curve fitting is to be made from
characteristics of noise, such as its frequency, and length of time before and after an
event considered in the calculation. More details are discussed later in section 4.5.4.

4.4

Digital filtering

Equation (4.1) shows that the process of finding the pulse height ∆$ results in a sum of
the product of the coefficients and the data samples. This is mathematically equivalent to
implementation of an FIR filter:
V

6RST =  <RST+ <RS − 1T +  <RS − 2T + ⋯ + V < = F  <RS − WT
A

(4.5)

Therefore, the preamplifier pulse processing can be implemented as if the signal is
filtered with a FIR filter (note that the < variable in the FIR filter notation is the 6 variable
in the regression model). However, the filter coefficients are specifically generated.
Comparing Equation (4.5) to Equation (4.1), the filter coefficients,  where W = 0 to Y,
can be divided into three groups:
•

−89 where  = 1, 2, … , 

This group is the first part in the filter, W = 0 to  − 1, and is applied to the first

group in the data. The values of 89 are generated from Equation (4.2) and (4.4)

for line fitting and curve fitting, respectively. The number of the coefficients in this
group together with the sampling frequency determines the length of time for
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which a line or a curve is intended to be fit to the samples. If the time is too short,
not enough samples will be processed and the line or the curve could be off
which will degrade the result. If the time is too long, the opportunity of running
into another event will increase which can also become the cause of the incorrect
result.
•

0

A number of zeros, referred to as , are filled in the middle of the filter from W = 

to  +  − 1. The purpose is to zero out the samples which are taken when the

charges are still collected at the anode. This is because during the collection time
the preamplifier output continues to rise and does not yet reach the maximum
level. The number of zeros varies depending on how long the rise time is. For the
best performance the filter should have enough zeros to cover the whole length
of the collection period; for example, two zeros are needed for the diagram in
Figure 20.
•

89 where  = 1, 2, … , 

This last group, W =  +  to Y, has the same number of coefficients as the first.
The coefficients are the negative values of the first group and are in reverse
order.

The total length of the filter, Y + 1, is equal to 2 + . Examples of the filter coefficients
 are given in Table 5 for  = 4, 8, and 16 and  = 2. However, for most cases a longer

filter,  ≥ 128, are required to have better results.
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Table 5 Filter coefficients  for  = 4, 8, and 16 and  = 2
j

4.5

N=4

N=8
Linear

N = 16

Linear

Quadratic

Quadratic

Linear

Quadratic

0

0.5

-0.75

1

0

1.25

0.25

-0.375

0.125

-0.1875

0.1429

0.0536

0.1

2

-0.5

0.75

0.0357

-0.0875

0.3036

0.075

-0.0054

3

-1

-2.25

-0.0714

0.375

0.05

0.0589

4

0

0

-0.1786

0.2679

0.025

0.1054

5

0

0

-0.2857

-0.0179

0

0.1339

6

1

2.25

-0.3929

-0.4821

-0.025

0.1446

7

0.5

-0.75

-0.5

-1.125

-0.05

0.1375

8

0

-1.25

0

0

-0.075

0.1125

9

-0.5

0.75

0.0696

0

0

-0.1

10

0.5

1.125

-0.125

0.0089

11

0.3929

0.4821

-0.15

-0.0696

12

0.2857

0.0179

-0.175

-0.1661

13

0.1786

-0.2679

-0.2

-0.2804

14

0.0714

-0.375

-0.225

-0.4125

15

-0.0357

-0.3036

-0.25

-0.5625

16

-0.1429

-0.0536

0

0

17

-0.25

0.375

0

0

18

0.25

0.5625

19

0.225

0.4125

20

0.2

0.2804

21

0.175

0.1661

22

0.15

0.0696

23

0.125

-0.0089

24

0.1

-0.0696

25

0.075

-0.1125

26

0.05

-0.1375

27

0.025

-0.1446

28

0

-0.1339

29

-0.025

-0.1054

30

-0.05

-0.0589

31

-0.075

0.0054

32

-0.1

0.0875

33

-0.125

0.1875

Filter variables

The performance of the detector depends on four important variables: rise time of the
preamplifier, time extended from the point of the event to apply line/curve fitting,
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sampling frequency, and length and type of the filter.

4.5.1 Rise time of the preamplifier
The preamplifier output increases during the rise time, due to the charge collection
process in the detector. The length of the rise time depends on the characteristics of the
system, such as the geometry and materials of the detector and the design and part
specification of the preamplifier circuit. In this work, the rise time ranged from 20 µs to 35
µs. To capture the full height of the radiation pulse and minimize error in the calculations,
this period should be excluded from line/curve fitting. The samples used to fit the
line/curve before an event should end right before the output starts to rise from the
event. Similarly, the samples after the event that are taken into the calculation should
start right after the charge collection is finished. Rise time must be estimated to an
appropriate length. If the estimated time is too short, part of the line/curve fitting will use
some false data samples which can result in a line or curve that deviates from what it
should be. Consequently, the calculation will lead to an incorrect pulse height. On the
other hand, if the samples are eliminated for too long of a period, the level of the
preamplifier output may drift or distort to lower or higher level from the leakage or noise.
Hence, the calculated value of 6 or 6 becomes incorrect. The rise time must then be
estimated to an appropriate length for a specific system of interest.

Because the pulse height calculation is implemented as an FIR filter, data points during
the rise time can be eliminated by padding a number of zeros in the middle of the filter
between two sets of coefficients for two line/curve fittings. When the signal is filtered, the
data samples during the rise time will be multiplied with zeros and removed from the
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calculation. The number of zeros in the filter  is determined by the sampling frequency
and the length of the rise time, or
 = ('J% S% ∗ [=S&\] ^_%`a%86) − 1
For example, if the rise time lasts 40 µs and the samples are taken at 1 MHz, 39 zeros
are required in the filter or  = 39.

4.5.2 Time for line/curve fitting on each side of the event
Considering a case of line fitting, theoretically all the data points before and after the
event will perfectly position on two fitted lines. Therefore, only two data points from each
side of an event are enough to derive the line equation. The two samples can be taken
at any time apart, so they can be close to each other and that still does not affect the
accuracy of the equation. However, because data samples always inherit some system
noise such as white noise or digitization noise, using only two points is not sufficient to
find the true fitted line. The slope or the constant of the line equation can be inaccurate
because one or both of the data points is affected by fluctuations. Therefore, data
samples taken for a period of time before and after the event, referred to as  and  ,
respectively, are needed in the calculation in order to eliminate this data fluctuation and
increase the accuracy of the line equation. These two time periods  and  are equal to
keep a symmetrical duration around an event in the analysis. The times  and  relate

closely to the sampling frequency and the number of coefficients 89 or . The
relationship between the three variables can be written as:
 =  =


sampling frequency

(4.6)

For example, when the sampling frequency is 1 MHz, the samples are taken every 1 µs.
If the line is fitted to 128 samples before and 128 samples after an event, time period 
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taken to derive the line from the first sample 67 to where the start of the event 6
supposedly takes place is equal to 128 µs. Similarly, the period between where the rising
output from an event ends or 6 and the last sample 67 used in the line fitting
calculation,  , is also 128 µs long.

To investigate the effect of this variables, test pulses with a height of a DAC arbitrary unit
of 8 were introduced to the system every 1 ms. Figure 22 shows a plot between this time
and the FWHM of the filtered test pulses for the system. The preamplifier output was
sampled at 1 MHz, and linear regression was used in the pulse processing. The FWHM
on the y axis was normalized by the maximum counts. For a fixed sampling frequency at
1 MHz the time  and  is equal to the value of  on the x axis in microseconds, e.g. at

 = 32,  =  = 32 µs and so forth. From the plot, the most suitable time for  and 

for this system is 128 µs which is the lowest tip on the graph. When the time is too short,
there is not enough samples to eliminate fluctuations in the data; therefore, the variation
in the result is higher. On the other hand, the longer  and  can potentially include the
samples that do not fit well on the derived line due to noise or distortion in the signal;
hence, the FWHM is also wider than the optimum point.
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Figure 22 FWHM normalized by the maximum count versus the size of  at sampling
frequency of 1 MHz

Choosing the best time for  and  does not depend only on the FWHM of the
processed pulses, but also on the maximum count rate the system can be used. The
total processing time to effectively resolve a pulse using this filtering technique is equal
to the sum of  ,  , and the rise time. Because the rise time cannot be reduced, the
maximum count rate is limited by the time used to fit the line/curve on each side of the
pulse. Even though the long period of  and  may lower the FWHM, the system will
not be able to work with a high count rate. The time separation between two successive
events should be at least equal to the processing time in order to recognize a single
pulse. For example, for a system having
•

sampling frequency = 1 MHz

•

rise time = 40 µs

•

 =  = 128 µs

the time between pulses must be at least 128+40+128 = 296 µs. The system can then
operate only if the count rate is less than approximately 3400 counts/s or approximately
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113x103 counts/cm2/s if 3-mm2 boron in the detector. If one in 1000 neutrons is detected,
the maximum neutron flux is only as high as approximately 1x108 neutrons/cm2/s. If the
time  and  are shortened to 32 µs, the maximum neutron flux will increase to
approximately 3x108 neutrons/cm2/s. The processing time of 100 µs is comparable to the
current analog shaping amplifier.

To allow the system to work at the high count rate with a shorter time in the line/curve
fitting, degradation in FWHM can be compensated for by increasing the sampling
frequency. The line or curve will be derived from a sufficient number of samples to
eliminate the fluctuation in the data points.

4.5.3 Sampling frequency
Another important variable that affects the filter’s performance is the sampling frequency.
Raising the frequency at which the data is taken will increase the number of samples
used in the line/curve fitting which will result in better elimination of the effect of
fluctuation in the data. Consequently, the derivation of lines or curves will be more
accurate. However, if the sampling frequency is sufficiently high and enough samples
are already used in the algorithm, adding more samples to the calculation will provide no
further improvement to the results. The plot in Figure 23 shows the FWHM of the test
pulses when the sampling frequency increased. The time period in the line fitting was
fixed at 32 µs and the number of coefficients were changed corresponding to the
sampling frequency. Sampling frequencies higher than 2 MHz did not show significantly
improvement in the results. FHWM remained at 11% to 13% for the sampling
frequencies of 2 MHz to 32 MHz. It was unclear from available information whether
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FWHM increased toward higher frequencies. The changes were relatively small and
possibly resulted from statistical variations. FWHM at 4 MHz was also strangely high.
Causes of this anomaly could not yet be determined.

Figure 23 FWHM versus sampling frequencies for  and  of 32 µs

According to Equation (4.6), if the time period in the line fitting is fixed, the number of
coefficients 89 or  must be changed proportionally to the sampling frequency. For
example, for the time period of 32 µs before and after the rise in the calculation, if the
sampling frequency is raised from 1 MHz to 16 MHz,  must be increased from 32 to
512 which will lead to more multiplication terms in the filtering process.

Although increasing the sampling frequency helps improve the FWHM, the downside is
that more resources are required. Firstly, the data acquisition unit must be able to carry
out the digitization at high sampling rate. Secondly, the more calculation in the filtering
process will also require more processing power and resource.
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4.5.4 Length and type of filter
The length of the filter is the total number of coefficients, which is equal to 2 ∗  + .
Because the rise time is an unchanging factor for a given system,  is a constant. Thus,

the filter’s length depends on . The longer filter has the larger number of  which

means the longer length of time accounted for in the line/curve fitting (the sampling
frequency is considered unchanged). This length of time may cause one type of filter to
be more suitable to the characteristics of a signal more than another. When a short
period of time is considered, data samples are more likely follow a line rather than a
curve. Therefore, a filter with coefficients from the linear regression model are preferred
to one with the coefficients from the quadratic regression model. When the time is
extended longer, the signal taken in the calculation starts to bend from the low frequency
noise. In this case, a filter with quadratic regression model will be more attractive.

4.6

Design for real-time processing

Although this system was designed for experimental data to be post-processed, this
algorithm can be applied in a real-time application through implementation of an FIR
filter. One of the FIR filter hardware designs is to implement distributed arithmetic
technique on an FPGA, as discussed in reference [35]. According to Equation (4.5), an
FIR filter is the sum of the multiplication terms between the data points and the
coefficients. In other words, the FIR processing function is the Multiply and Accumulate
(MAC) function which can be efficiently implemented by using Serial Distributed
Arithmetic (SDA) technique on an LUT-based FPGA [35]. This technique utilizes shift
registers or RAM-based shift registers to store digitized data samples which is the
preamplifier’s output. A new sample is loaded to a register after a number of clock that
are equal to a number of bits in each sample, e.g. for 16-bit data points a new sample is
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loaded every 16th clock. The number of shift registers in the design is equal to the length
of the filter which is 2 ∗  + . A Look-up Table (LUT) in the design is made up of all

possible partial sums of the filter coefficients  which are constant derived from

line/curve fitting algorithm. Due to a large number of filter coefficients, multiple LUTs can
be implemented to avoid a single large LUT which is quite costly. This implementation of
the algorithm allows its performance to be enhanced by pipelining and parallelism if less
processing time is required for real-time processing of the preamplifier’s output.

In summary, a height of a radiation pulse can be directly derived from the digitized
preamplifier’s signal by using the line/curve fitting algorithm. The algorithm is expected to
reduce the effect of microphonic noise which could propagate through a traditional
analog shaping circuit. Variables in the algorithm must be chosen to match the
characteristics of the signal and noise. Since the algorithm is mathematically equivalent
to an FIR filter, it lends itself well to an FPGA implementation using distributed arithmetic
technique if real-time pulse processing is needed.
.
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5 PRELIMINARY EXPERIMENTAL RESULTS

A number of experiments were performed during the initial study of the system to
evaluate the system’s operation and establish its capability. The detection system was
tested in pulse mode with an alpha source, a gamma source, and outside of the reactor
core. The first evaluation of the detection system was an alpha exposure. The purpose
of the test was to verify whether the system was able to operate as an ionization
chamber and identify a radiation event. Next, the system was tested with a gamma
source in order to observe its sensitivity to gamma rays when operating in pulse mode
with an unlatched reset. Finally, the system was tested in a dry PVC pipe located
approximately 0.5 m from the TRIGA reactor. This set-up provided an opportunity to
study the system in the environment similar to an in-core experiment but without
assembly and installation complications. In this test, attention was given to the output of
the shaping amplifier, because it provided the shaped and amplified signals that are
amenable to digitization and analysis. The signal was digitized by the PX14400D2
digitizer card at a sampling rate of 20 MHz in the buffered mode. The data were
transferred to the solid state drive for post-analysis using MATLAB.

5.1 Exposure to an alpha source
When boron is used as a target material for neutron capture, one of the resulting
products from the reaction is an alpha particle. Therefore, the first simple test to verify
the function of the detector and the electronic system is to test directly to an alpha
source. The objective was to identify whether electric pulses were generated from alpha
particles and whether these pulses were amenable to the analysis. The experiment was
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performed in two configurations: one was to maximize the path length of alpha particles
in the detector volume and another was to direct alpha particles into the detector in the
similar direction to actual alpha particles generated from the neutron capture by boron.

The actual alpha particle generated from the neutron-boron interaction has a maximum
energy of 1.47 MeV, which loses approximately 200 keV per mm when travelling in air
(which is also the gas used in the detector) [24]. The longest possible range an alpha
particle with this maximum energy can travel in air is then equal to 7.35 mm, and it would
lose all 1.47 MeV of energy inside the detector. However, due to the small size and the
cylindrical geometry of the detector, a simple two-dimensional model, as shown in Figure
9(b), suggests that the longest path available, which is the diagonal length from the
center of the 2-mm boron disc to the anode wire at the end of the active volume, is 6.55
mm long. Therefore, approximately only 1.31 MeV of energy is potentially the maximum
energy that will be absorbed in the detector.

The alpha source used in the experiment was Americium-241 (Am-241), which emits
5.4-MeV alpha particles. Alpha particles at this energy lose approximately 100 keV per
mm in air [24]. The source was placed in two different positions as shown in Figure 24:
at the open end of the detector (a) and at the 2-mm hole in the middle of the active
volume (b). The detector used in the experiment was the detector A which was made of
pure copper without any boron. The external high voltage power supply provided a
voltage of −300 V to the detector. The preamplifier operated in pulse mode with the
latched reset, i.e. the feedback resistor was connected.
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Figure 24 The alpha source, Am-241, was placed at two positions: (a) at the open end of
the detector and (b) at the 2-mm hole in the middle of the active volume.

At the first position the alpha particles travel lengthwise inside the detector. The particles
travelling in parallel to the detector’s wall and reaching the full length of 12.7 mm lose
1.27 MeV in the detector. This energy is almost the same level as the potential
maximum energy of the actual alpha particle released from the neutron capture process.
Therefore, this test simulated the best case in which the highest amplitude pulse was
expected from the neutron detector. Figure 25 shows an example of the preamplifier and
the shaping amplifier output when the alpha source was placed at the open end of the
detector. Ten seconds of data was collected and the pulse height distribution is shown in
Figure 26. The threshold was set at ADC arbitrary unit of 24500 and the minimum
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distance between consecutive pulses was 30 µs. This threshold level eliminated most of
the system noise in the shaped output.

Figure 25 The output of the preamplifier (top) and the shaping amplifier (bottom) when
the alpha particle travelled lengthwise inside of the detector.
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Figure 26 Pulse height distribution of the shaping amplifier output when the detector was
exposed to the Am-241 alpha source. The source was placed at the open end of the
detector.

When the alpha source was placed at the 2-mm hole of the detector, the alpha particles
travel inside of the detector through the hole. This setup provides the closest test
condition to the actual direction of the alpha particle emitted from the boron-neutron
interaction; however, a smaller pulse size is expected for the same travel path due to the
higher energy of the particle. An example of the outputs of the preamplifier and the
shaping amplifier are provided in Figure 27. The pulse height distribution of the shaped
output for 10-second test was also shown in Figure 28. The same criteria, i.e. threshold
level and minimum time between consecutive pulses, were used in the pulse recognition
process.
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Figure 27 The output of the preamplifier (top) and the shaping amplifier (bottom) when
the alpha source was placed to emit the particle through the 2-mm hole of the detector.

Figure 28 Pulse height distribution of the shaping amplifier output when the detector was
exposed to the Am-241 alpha source. The source was placed at the 2-mm hole in the
middle of the detector volume.
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In conclusion, the detection system was able to identify the pulses generated by alpha
particles emitted by the alpha source placed in both positions. Therefore, the system
should also be able to detect alpha particles generated by the actual neutron conversion
process.

5.2 Exposure to a gamma source
The purpose of the test with a gamma source was to evaluate the operation of the
preamplifier when the reset mechanism was unlatched (the feedback resistor was not
connected). It is then expected that when the detector was exposed to a gamma source,
the secondary electrons would generate charges, producing an electronic signal that
should be low in magnitude because of the low energy deposited in the detector
compared to that of an alpha particle or a lithium recoil. In practice, the leakage in the
preamplifier can cause an increased voltage that appears similar to that produced by
gamma radiation. However, the output should be a lower-rate signal than when a
gamma source is present.

A cesium-137 (Cs-137) source with an activity of 217.19 GBq (5.87 curies) were used in
the experiment with detector B. Here, the preamplifier output was observed. Before
exposure to the gamma source, the preamplifier output rose at a rate of 50 mV/s as a
result of the leakage current. The rate increased to 600 mV/s when the source was
present. Figure 29 (a) and (b) show the preamplifier output with and without the gamma
source, respectively. During the test the preamplifier was set up to reset at an equal
intervals of one second. The reset brought the output level back down to the baseline
voltage.
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(a)

(b)
Figure 29 The preamplifier output (a) when the gamma source was not present (b) when
the detector was exposed to the Cs
Cs-137
137 gamma source.

The preamplifier output
tput did not display a sign of sensitivity to the gamma source of this
activity (217.9 GBq) when the reset mechanism was latched. When the source was
present, the
he baseline of the output did not change.
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5.3

Testing outside of the reactor core

One necessary step to test a system before acquiring measurements in a reactor core is
to check its performance in a similar environment but outside the reactor core.
Therefore, detector B and the electronics were placed in a large dry PVC tube located
approximately 0.5 m from the edge of the core. This setup allowed the detector to be
subjected to neutron and gamma fields that resemble those inside the core but a much
lower intensity. Mechanical assembly failure and installation complications were also
avoided. The detector was positioned at the bottom of the tube. The electronics was
approximately 1.5 m above it. A long cable of 27 m connected the electronics to the data
acquisition unit located further away at a safe distance from the reactor.

A high voltage of −350 V was provided to the detector by the power supply (Tennelec
TC950). The test was performed at several different reactor power levels. As the power
increased, the detector would be subjected to higher rates of neutron and gamma ray
exposures. However, the system was tested at low reactor power to allow the
preamplifier to operate in pulse mode and prevent pulse pile-up as much as possible. In
the prior experiments (not included in this thesis), it was found, by observing the height
of the shaped output on the oscilloscope, that when the reactor operated at the power of
100 kW or higher, there were occasionally some pulses occurring on the tail of another
pulse or pulses with much larger height than others. These pulses appeared more often
as the reactor power increased. Therefore, the reactor power of 10 kW and 50 kW were
chosen for the experiment to avoid these conditions. Table 6 lists the test conditions
used in these experiments. The preamplifier with the unlatched reset was tested at 10
kW to find its operation in presence of neutron and gamma fluxes. However, in other outof-core experiments, the preamplifier operated with latched reset to avoid saturation in
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the output. The system was studied at both power levels, and the pulse height
distributions were derived. The system noise were also investigated at both power
levels. The test pulse generator was turned on in order to generate pulses with
consistent height for analysis.

Table 6 Reactor power and modes of the system in the experiments outside of the
reactor core
Test no.

Reactor power

Preamplifier mode

Test pulse generator

1

10 kW

Pulse mode – Unlatched reset

Off

2

10 kW

Pulse mode – Latched reset

Off

2’

50 kW

Pulse mode – Latched reset

Off

3

10 kW

Pulse mode – Latched reset

On

3’

50 kW

Pulse mode – Latched reset

On

5.3.1 Results at steady-state power of 10 kW
The preamplifier operated in the unlatched mechanism during this test. The purpose was
to examine whether this mode was able to detect neutrons in a high radiation
environment and gamma background. The results are shown in Figure 30. The
preamplifier and the shaping amplifier were on channel 1 (the top signal) and on channel
2 (the bottom signal), respectively. The reset command was issued by the
microcontroller at a specific interval of 1 s to restore the preamplifier to its baseline
potential. The reset time corresponded to the falling edge on the plot. After the reset the
system started to respond to the neutron and gamma radiation as seen from the
increasing voltage of the preamplifier. This slope was the result from the background
gamma radiation found in the proximity of the reactor which made the preamplifier reach
saturation quickly. Because the reset was performed at a specific period, the system
provided no further information until the preamplifier was reset. One of the solutions to
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avoid this issue is to implement the automatic reset mechanism which is triggered based
on the level of the preamplifier output.

In the plots of Figure 30(a)
(a) the neutron event could not be identified from the preamplifier
signal due to the
he scale of the display
display. However, with enlarged scale the shaping
sha
amplifier
in the other channel,, refer to Figure 30(b), showed that the neutron event was
noticeable.. This corresponded to the peaks in the plot after the reset was performed and
before the saturation was reached.

(a)

(b)

Figure 30 Result from the test outside of the reactor operating at 10 kW.
kW (a) Channels 1
and 2 shows the preamplifier and the shaping amplifier, respectively
respectively. (b) Close-up
Close
of the
signals where the neutron pulses could be identified from the peaks in the shaping
amplifier signal.

5.3.2 Results at 10 kW and 50 kW
The purpose
rpose of the test was to study the pulse-height distribution at different reactor
power levels. During the test, a motor and pumps that circulate water in the reactor pool
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to a heat exchanger were turned off except the diffuser to lessen the noise found in the
output of the shaping amplifier which was used in the analysis. Since the analog shaping
amplifier was not able to filter these noises, in future experiments it is recommended to
test and evaluate the algorithm discussed in Chapter 4 as an alternative method to
generate a radiation pulse directly from the digitized preamplifier. With the motor and
pumps turned off, cooling was provided by natural convection [36]. With approximately
400 m3 of water in the reactor pool, the pool temperature will increase at a rate of 4
degree Fahrenheit per hour at 1 MW reactor power [36].

Due to high gamma background radiation, the preamplifier operated in the latched reset
in order to avoid saturation. The outputs were recorded by the PX14400D2 digitizer
under the settings shown in Table 7. Channel 1 was connected to the preamplifier
output, and channel 2 was connected to the shaping amplifier output.

Table 7 PX14400D2 settings for the test outside of the reactor core at 10 kW and 50 kW
Setting

Value

Sampling frequency

20 MHz

Input range

Channel 1, 2: 200 mVp-p

DC offset

Channel 1, 2: 1791 ADC units

Trigger

Channel 2 at the level of 25500 ADC units

Acquisition mode

RAM-buffered mode with a sample block size of 134,214,728 samples.

Total duration

30 seconds

Post trigger with no segment

Before analyzing the output of the shaping amplifier, the data were down sampled from
20 MHz to 1 MHz using MATLAB by preserving every 20th sample of the output and
discarding others. Following the pulse processing steps described in Appendix A, the
shaped output was first filtered by an 32-tab running average to smooth out the high
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frequency component, such as white noise. A portion of the original and filtered signals
taken at 10 kW and 50 kW is shown in Figure 31 and Figure 32, respectively.

(a)

(b)
Figure 31 Shaping amplifier signals at 10 kW (a) original output (b) filtered output

(a)

(b)
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Figure 32 Shaping amplifier signals at 50 kW (a) original output (b) filtered output

The second step was to identify pulses. Using a built-in function in MATLAB, findpeaks(),
the pulses were identified using two criteria:
•

the height of the pulse had to be greater than or equal to a threshold of 24500
ADC units to provide a wide spectrum as a starting point, and

•

the time from the neighbouring pulses had to be greater than or equal to 30 µs
for the output of the shaping amplifier circuit with a time constant of 10 µs.

The spectrum was then created from the identified pulses. The ADC voltage range
between 20000 and 50000 ADC units were equally divided into 1000 intervals.
Depending on the height of the pulse, the count in the corresponding bin was
incremented. The spectra or the pulse height distributions for the 30-second test at 10kW and 50-kW are shown in Figure 33. The two spectra exhibited similar characteristics,
two of which were the numerous counts in the low pulse height region and the pulses
with the height greater than 26000 ADC units.
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Figure 33 Pulse height distribution at 10 kW and 50 kW

The number of pulses with low pulse height increased with the power reactor. For
example, there were approximately 900 pulses with the height of 24700 ADC unit when
the reactor operated at 10 kW. The number increased to approximately 1500 pulses
when the power was raised to 50 kW. The assumption is these pulses were produced by
gamma rays. Even though the system operating in the latched reset mode was not
sensitive to a caesium source of 217.9 GBq (5.81 curies), according to section 5.2, it
could be affected by a much stronger and a wider range of energy of gamma fluxes in
the reactor. An example of gamma spectrum in the reactor generated by MCNP
simulations by Jan Vermaak is shown in Figure 34 [37]. Because gamma rays are
generated by the reactor, the higher the power is, the more gamma rays are detected.
However, fission in the reactor is not the only source of gamma rays. They can also be
generated from decay of fission products and activated elements in the reactor core. As
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a result, the number of gamma pulses were not increased by the same factor as the
reactor power. This assumption was later investigated during the in-core experiment
discussed in section 6.4.

Figure 34 Reactor gamma spectrum from MCNP simulations [37]

The higher amplitude pulses in the region greater than 26000 ADC units mostly resulted
from neutron events. The number of neutrons generated in the reactor is proportional to
the reactor power. In other words, when the reactor power is raised from one level to
another, the number of neutron pulses increases by the same factor. Figure 35 shows
the pulse height distribution at 50 kW when it was scaled by 5 (divided the entire
spectrum by 5) in comparison with the result at 10 kW. The higher portion of the two
distributions matched very well down until the region where the gamma contribution
dominated the neutron pulses. This is because the shape of the spectrum is related to
the energy of the alpha particle or lithium recoil absorbed by the detector. Therefore, the
spectrum in this region retains its shape regardless the reactor power. Only the number
of counts is changed.
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(a)

(b)
Figure 35 Comparison of the results at 10 kW and at 50 kW when scaled by a factor of 5

Because the full spectrum contained a large number of pulses from the gamma event,
the total number of neutron pulses, referred to as 
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, could not be derived directly by

adding all the counts from every bin in the pulse height distribution. However, we could
take a look at a portion of the spectrum where only neutron pulses were present. Since
the shape of the spectrum in this area should be the same regardless the power of the
reactor, the total count of all the bins only from this area, referred to as 

, stays

proportional to the reactor power. For example, when the power was increased from 10
kW to 50 kW, the count at 50 kW should be 5 times greater than that at 10 kW or
qrs_Ot = 5 ∗ qrs_Ot . According to the pulse height distributions in Figure 35, the
threshold was set at 26500 to eliminate the count from the gamma radiation in both
power levels. The average total neutron count at 10 kW from both runs or qrs_Ot was
equal to 273.5 while the average count at 50 kW or qrs_Ot was 1392.5 which was

5.09 times higher as expected.

5.3.3 System inherent noise
Electronic detector noise should be independent of reactor power because such noise is
not generated by gamma-ray or neutron events. In order to validate this hypothesis, a
number of test pulses with the same specific height were introduced to the system while
the reactor was generating 10 kW and 50 kW of power. The height of the test pulses
was set to 2.5 times the size of the typical neutron pulses to separate the output in
response to the test pulses to a different region on the distribution plot. The exact same
test setup and pulse processing algorithm in the experiment at 10 kW and 50 kW in
section 5.3.2 were used in this test.

Figure 36 shows the pulse height distribution of the result at 10 kW with the test pulse
generator turned on. A group of pulses in the higher region was the output resulted from
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the test pulses. The pulses were centered at approximately 46200 ADC units. The noise
level is generally determined by the width of the distribution. More specifically the full
width at half maximum (FWHM), which is the width of the distribution measured at half of
the maximum count, was approximately equal to 1500 ADC units.

Figure 36 Pulse height distribution of the test at 10 kW with the test pulse generator
turned on.

A pulse height distribution of the test at 50 kW is shown in Figure 37. The test pulse was
set to the same height as the previous test at 10 kW. The test at 50 kW had a similar
result. The center and the FWHM of the output from the test pulses were at
approximately 46000 and 1800 ADC units, respectively.
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Figure 37 Pulse height distribution of the test at 50 kW with the test pulse generator
turned on.

5.4

Conclusion

Preliminary study of the system was conducted through experiments with an alpha
source and a gamma source, and through testing outside of the reactor core. Alpha
particles were introduced to the detector in the direction which maximized their path
length in the detector and in the direction which resembled that of the alpha particles
from the neutron-induced reaction in the detector with boron. In both cases, the system
was able to detect alpha particles and generate observable electric pulses.

The operation of the unlatched reset mechanism of the preamplifier was studied with a
gamma source. The voltage of the preamplifier output, which rose at the rate of 50 mV/s
from the leakage current, increased at the rate of 600 mV/s when the detector was
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exposed to a gamma source with an activity of 217.19 GBq.

When the unlatched reset was used in the test outside of the reactor core at 10 kW
reactor power,

neutron events were observed on the oscilloscope. However, the

preamplifier quickly reached saturation due to the strong background gamma radiation.
Therefore, the preamplifier was operated in the pulse mode with the latched reset for the
rest of the experiments outside of the core at the reactor power of 10 kW and 50 kW.
The results showed the large number of gamma events were detected at both power
levels. The number of gamma pulses increased with the reactor power. However, it did
not increase by the same factor. On the other hand, the results showed that the number
of neutron pulses, which had higher pulse heights, increased by a factor of 5.09 when
the power was raised from 10 kW to 50 kW.

Inherent electronic noise were determined by introducing test pulses to the system. The
results showed that the electronic noise was independent of the reactor power. The
FWHM of the test pulses were 1500 and 1800 ADC unit at the reactor power of 10 kW
and 50 kW, respectively. Some results from this chapter were presented at the American
Nuclear Society (ANS) winter meeting 2015 [38].
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6 IN-CORE MEASUREMENTS

This chapter explains the use of the detection system for acquiring measurements within
the reactor core including the mechanical assembly, the installation process, the test
procedure, the data analysis, and the result and discussion. The purpose of these incore measurements was to map the neutron count at several locations, in axial direction,
of the reactor core. As shown in Figure 38, each location was 25.4 mm (1”) apart and
referred to by number starting from 0, which was at the bottom surface of the core. The
center of the reactor is at position 18 and 19, and the reactor’s top surface is at position
37. Data were collected from 19 locations in the top half of the core only, starting at the
top surface of the core toward the inside, since the reactor core is symmetrical. These
were position 37 down to 19. The measurements were taken at low reactor power in
order to reduce gamma rays produced by the reactor.
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Electronics

Position 37
45.72 cm
(18”)

Detector

Position 19
Position 18

Centerline of the Reactor
Instrument Probe
Guide Tube
Reactor

45.72 cm
(18”)

Position 0

Figure 38 Reference diagram of the positions in the core (drawing is not to scale)

6.1

Mechanical assembly

For safety and minimal disturbance to the reactor’s operation (previously discussed in
section 2.1), the detector holder was inserted in the small space in between a group of
four bundles of fuel and control rods. To be more specific, refer to the core diagram in
Figure 2 in section 2.1, the exact location in the core was between row B and C and
between column 6 and 7. The detector and the electronics were shielded in a waterproof
holder consisting of two main parts: the 0.91 m (36”) tip and the 9.14 m (30’) long pipe.

The tip was the part that housed the detector. It was 0.91 m (36”) long and made of an
aluminum tube, as shown in Figure 39, with an outer and inner diameter of 8.255 mm
(0.325”) and 7.747 mm (0.305”), respectively. The detector was vertically centered. One
end of the tube was welded shut to prevent water from leaking into the tube and the
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other end was threaded to screw into another pipe section. Thread seal tape
(polytetrafluoroethylene or PTFE tape) and an O-ring were used in the connection for
better sealing. For the in-core measurement the tip was slid in to the guide tube installed
in the reactor core. Because the detector was located at the center, when the tip section
was inserted all the way down into the guide tube, the position of the detector was at
position 19 in the diagram shown in Figure 38.
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Figure 39 The 0.91 m (36”) tip in which the detector was located and the guide tube (in
original color)

The guide tube is also shown in Figure 39. Each prong lined up with the position of the
small hole located between the row and column of the fuel and/or control rods. These
were the locations available to place the detector into the core.
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The 9.14 m (30’) pipe was the part in which the electronics resided. It was made from
the same material as the tip section. The bottom end of the pipe had an internal thread
for the tip to be fastened to. This long pipe was actually composed of multiple shorter
sections that were welded together. A simple pressure test was done to check for leaks
before installing the instrument and putting it into the reactor pool.

To connect the electronics back to the data acquisition unit which was situated at a
distant location, the cables with SubMiniature version A (SMA) connectors were used.
This made the electronics detachable from the long cable and easier to install in the
pipe. On the other hand, the detector output and the high voltage were hardwired to the
electronics. The detector and the cable were fed to the pipe from the top side of the pipe.
When it reached the correct position, the cable was secured at the top of the pipe while
the electronics were free hanging inside. No other support was required. The detector
was then inserted in the tip and the last step was screwing the tip to the pipe to complete
the assembly process. The final product, referred to as the instrument probe, was a long
waterproof aluminum pole with the detector and the electronics encapsulated. No
radiation shielding of the electronics was necessary because the reactor operated at the
low power during the experiment.

A few problems occurred during the assembly of the instrument probe.
•

The custom-built input capacitor, shown in Figure 40, was damaged. The inner
wire of the capacitor broke off when the electronics was pulled through the pipe
and got stuck at one of the welding joints. The wire was replaced by a small
magnet wire which positively resulted in a lower capacitance and higher chargeto-voltage gain.
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Figure 40 A custom-built input capacitor made from a small magnet wire, a Teflon
insulator, and a brass tube (in original color)

•

One of the welding joints on the 9.14 m (30’) pipe had a leak. The detector, the
electronics, and some parts of the cables were submerged under water for a few
days. This caused a short circuit in the DC/DC power supply and also the reed
relay of the preamp reset circuit. As a result, the unlatched mode was no longer
working. All the in-core measurements were performed in pulse mode with
permanent latched reset. Water trapped in the cable could also affect the
measurements. Its high dielectric constant could lead to the fluctuation in cable’s
capacitance and resistance to ground. The cables were heated for 24 hours to
eliminate as much moisture as possible.

•

A minor leak was also found at the pointy end of the tip. However, because the
detector was positioned at the vertical center, the slow leak should not have a big
impact on the measurement.

6.2

Installation process

The installation of the measurement system in the reactor core was a two-step process.
The guide tube was first installed in the core of the reactor. This was accomplished by
lowering the tube until all the prongs were in the correct place. Figure 41 shows the
photographs taken from the underwater VDO camera (a) when the guide tube was
inserted into the core and (b) when it was fully installed. Figure 41(c) shows the guide
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tube in which the instrument probe was to be placed.

(a)

(b)

(c)

Figure 41 Photographs showing the guide tube in the core of the detector (a) before the
prong was inserted (b) the guide tube was completely installed (c) the close up of the
guide tube once installed in the reactor.

The second step in the process was to insert the fully-assembled instrument probe into
the guide tube at the position between columns 6 and 7 and rows B and C in the
diagram in Figure 2. When the detector was at the desired axial position, the probe was
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locked in place at the top. Since the detector was positioned at the center of the vertical
length of the detector holder tip, when the probe was placed all the way down, the
detector was at position 19 which was the lowest position in this setup and corresponded
to the center position of the core. The manufacturing of the mechanical parts and the
installation of the instrument was accomplished with the support of the NSC staff.

6.3

Test procedure

The test at all 19 positions followed the same procedure.

6.3.1 Settings
Reactor settings:
Results from the out-of-core measurements in section 5.3.2 showed that the gamma
contribution to measurements can be very high. Therefore, to lower the number of
gamma pulses and possibly obtain neutron information, the reactor was operated at low
power, 50 W, for the in-core experiments. However, such a low power level was very
difficult to control and keep it stable for a prolonged period of time. Thus, the operating
power had to be corrected over the course of the experiment by adjusting the control
rods. With the correction the power still drifted by 10-20%. For example, the reactor
power meter from time to time read 45 to 60 W for a nominal 50 W power. This issue
had not come up in the test outside of the core as the reactor operated at much higher
power at 10 kW and 50 kW.

The cooling system was shut down during the test to eliminate some noise, as discussed
in section 5.3.2. It is important to note that this was possible only because the reactor
was operating at very low power and for a short period of time.
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High voltage generator settings:
The external high voltage power supply provided a voltage of −350 V to the detector.
During the experiment it was found that the voltage was dropped to −300 V. From the
experiment previously performed at UOIT in November 2014 using a detector with a
similar geometry and dimensions to detector B (not included in this thesis), rise time and
size of the output pulses were in the same range when the high voltage was varied from
−300 V to −500 V. Therefore, the high voltage was not corrected. The tests at position
37 down to 24 were performed at −350 V, and the tests at position 23 down to 19 were
performed at −300 V. This voltage drop could possibly have resulted from the wetness of
the cable. An end section of the cable was wet from the water leaked into the instrument
probe a few days before the measurements were taken. Wet lead and insulation could
cause varied capacitance and resistance of the high voltage line and resulted in the
unstable high voltage.

PX14400D2 settings:
The same settings used in the out-of-core measurement in Table 7 was also applied to
the in-core test at all positions. The digitizer card PX14400D2 was set to RAM-buffered
recording mode in which the data were taken, transferred, and stored in blocks for a total
time of 30 seconds. The range of the input was 200 mVp-p.

6.3.2 Procedure
Test steps:
1. The reactor was first shut down and the cooling system was turned off to prepare
for the installation of the instrument.
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2. The guide tube and the fully-assembled instrument probe were installed in the
reactor. To start with, the detector was positioned at position 37 before the probe
was secured at the top.
3. The high voltage generator was turned on to provide the voltage of −350 V to the
detector. A waiting period (minutes) was required for the high voltage to stabilize.
4. The reactor started to operate. The power was brought up to 50 W.
5. The data acquisition started when the power reached the desired level. Three 30s worth of data were recorded. The files were stored on the SSD for postprocessing. As mentioned earlier during data acquisition the reactor power could
increase or decrease by 10-20% since the power at low level was difficult to
control and keep stable.
6. After three acquisitions were finished, the detector was moved to the next
location which was one position lower.
7. Step 5 and 6 were repeated until the data from the last position, position 19, was
acquired.
8. When the reactor power drifted too far from the desired level, correction was
necessary. During power correction, the data acquisition was paused. It was
resumed once the power was back within the acceptable range.

Data analysis steps:
To start with, a simple analysis was applied to the collected data to derive information
about neutron flux in various locations in the core. Offline data processing followed the
same methodology as the analysis of the out-of-core measurement results in section
5.3.2. The preliminary analysis ran on MATLAB and was based on the shaping amplifier
output. Only one data file was processed at a time; in other words, the data collected
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from different positions were processed separately. The procedure was as follows:
1. The shaped output was first passed through a 32-point running average filter to
remove the high frequency noise.
2. The pulses were located and registered if they met the height and time criteria.
3. The positively identified pulses were counted based on their heights to create a
pulse-height distribution.
4. The total number of detected neutron events at one location was the sum of the
counts of all heights above the threshold which was set sufficiently high to
eliminate as much gamma pulses as possible.

The total count from step 4 was included in the plot between the detected count and the
detector’s location. This plot was compared to the MCNP model of the core, performed
independently by Jan Vermaak [39].

6.4

Results and discussion

Figure 42 shows the pulse height distribution when the detector was located at position
37, the top surface of the reactor core. The spectrum had the same characteristics as
the out-of-core spectrum shown in Figure 33. The low height pulses were from gamma
events, and the pulses with pulse heights greater than approximately 28000 ADC units
were neutron events. In order to support this conclusion, a measurement was taken
when the reactor was shut down (0 W power). In this condition, the reactor did not
generate any neutrons; however, gamma rays could still be present due to the decay of
fission products and other activated material in the core. As a result, a large number of
pulses were detected, as shown in a pulse height distribution in Figure 43, even though
the reactor was shut down and did not generate any power.
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Figure 42 Pulse height distribution at 50 W power at position 37

Figure 43 Pulse height distribution at 0 W power at position 37
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Figure 44 shows the spectrum at 50W power at position 37 in comparison with positions
31, 27, 23, and 19. As the detector was moved to the positions further toward the center
of the core, there were more gamma pulses with the higher pulse heights which led to
the wider gamma peak in the spectrum. The gamma peak also had less counts. For
example, the number of pulses with the height of 23000 ADC value was approximately
5800, 2400, 1100, 400, and 300 for position 37, 31, 27, 23, and 19, respectively.
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(a)

(b)
Figure 44 Pulse height distribution when the detector was located at position 37, 31, 27,
23, and 19 (a) full spectrum of all positions (b) close-up for the range from 0 to 2600
pulses
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When the number of pulses from every bin at each position of the detector was
integrated, the total number of pulses decreased as the detector was moved closer to
the center of the core, as shown in Figure 45. The relative counts on the vertical axis
represent the total number of pulses with the height above 23000 ADC unit at that
position normalized by the maximum count of all positions.

Figure 45 Plot of the number of all the pulses with the height above 23000 ADC unit
versus the detector’s location in the reactor core

Decrease in number of gamma pulses but increase in their pulse height when the
detector was moved closer to the center of the core led to a conclusion that at the inner
location the gamma flux was very high resulting in pile-up of gamma pulses. Two or
more gamma pulses were recognized as one pulse with a larger pulse height. If there
were many gamma pulses with a high enough pulse height, the spectrum due to gamma
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events could bleed into the region of neutron pulses. Therefore, to determine neutron
flux at each axial location, a threshold was set at a higher level than that used in out-ofcore measurements to discriminate gamma pulses. Unlike out-of-core analysis, the
spectrum could not be scaled by a specific factor to determine threshold for neutron
pulses because the factor was unknown. Consequently, a few values were used in the
analysis. Figure 46 shows a plot between sum of the number of pulses with a height
greater than 37000, 38000, and 39000 ADC units (a threshold of 26500 ADC units was
applied in the out-of-core analysis). The results were similar in all three cases. Due to
the high thresholds, there were not many pulses with higher pulse heights, either from
neutron events or gamma events, at the locations around the edge of the core, i.e.
position 37 down to 32. On the other hand, at inner locations of the core, numbers of
counts above the thresholds increased as the detector was moved toward the center.
The increase in rates was very high from position 25 down to 21. These outcomes
suggested a high radiation flux at the center of the core; however, a significant number
of counts were still from gamma events. High thresholds excluded the peaks of the
gamma pulses in the distributions from the analysis. Consequently, the results were
different from ones when all the pulses were included in Figure 45.
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Figure 46 Plot of the number of pulses with the height above 37000, 38000, and 39000
ADC units versus the detector’s location.

Experimental results were compared to the MCNP simulations performed by Jan
Vermarrk [39] as shown in Figure 47. Experimental data were the number of counts
above a threshold of 37000 ADC units. Results from the experiments were not in full
agreement with simulations due to a large number of gamma events were included in
the experimental results, especially at the position closer to the center of the core. The
peak in the simulation at position 26 corresponded to the location where active fuel
elements met a graphite layer in the core.
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Figure 47 Plot of the number of events versus the detector’s location from experiments
(square marker) and the simulation (diamond marker)

The results indicated the detector was very sensitive to high gamma flux in the reactor
core. Consequently, it is difficult or not possible to identify neutron events in the
spectrum unless the impact of gamma rays is reduced or characterized. An attempt to
characterize shape of the pulse height distribution of the gamma pulses was made.
However, the analysis method, described in Appendix B, did not prove conclusive for the
current data and detector configuration.

6.5

Conclusion

The detection system was installed in the reactor core, and measurements were taken at
19 different axial locations from the top surface to the center of the core. There were
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practical issues in the mechanical assembly of the instrument probe including the
difficulty in the assembly process and repeated leaking of the aluminum holder.
Modifications to the design of the holder and the connection of detector and the
electronic systems are required to ease the assembly process and avoid damaging the
detector and the electronic circuits.

The pulse height distribution of the measurement at the surface of the core had a similar
characteristics to the out-of-core measurement results. As the detector was moved to
positions closer to the center of the core, gamma pulses were found to have higher
pulse height and total counts of all the pulses in the spectrum decreased. These results
indicated the number of gamma pulses was very high and started to pile-up leading to
lower counts but higher pulse heights. Consequently, pulses from gamma events, which
was only present in the low pulse height region in the pulse height distributions of the
out-of-core measurement and at positions near the surface of the core, also appeared in
the same region of the spectrum as pulses from neutron events. As a result, neutron
information could not be observed or derived from the spectrum.
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7 CONCLUSIONS

The work present is the initial step in a research program that aims at measuring the
thermal neutron flux during a reactor’s transient operation. The system were designed,
constructed, and tested with test pulses, isotopic sources, off-core radiation fields, and
within the core of the TRIGA research reactor. The detection system consisted of a
boron-lined ionization chamber, associated electronics, and data acquisition subsystems. The focus of the thesis involves development of the first two components. The
data acquisition and storage unit and the post-processing software are set-up in the
simplest way. System’s functions were tested to evaluate their performance.

An algorithm to directly analyse the digitized preamplifier signal was developed and
tested with test pulses. The algorithm’s variables were investigated. Since these
variables could be tailored to the characteristics of the preamplifier and noise, the
algorithm is expected to effectively remove microphonic noise in future experiments. An
alpha source was used to test the detector’s operation as an ionization chamber by
using the detector without boron. The system was able to detect alpha particles
travelling in similar directions as ones to be generated by boron-neutron interactions in
the detector with boron. Also, alpha particles which lost their energy in the detector in the
same range as maximum energy lost by ones to be generated by boron-neutron
interactions were detected. A response of the preamplifier in unlatched reset mode to
gamma rays was studied. As expected, the preamplifier output rose at a higher rate
compared with the output when no gamma source was present. The system was tested
outside the core of the reactor at 10 kW and 50 kW power. The results showed that both
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gamma and neutron events increased with reactor power, and the number of neutron
events were proportional to the reactor power.

System’s configurations and installation and test procedure for in-core experiments were
established. Measurements were taken at several axial locations in the top half of the
reactor core. During this in-core trial run, problems in the design and analysis
methodology were identified. Three main suggestion modifications deal with the
mechanical assembly of the system, the compensation for the detected gamma signal,
and an additional test to improve the analysis for better test results.

7.1

Mechanical parts and assembly

Assembly and installation of the instrument probe for the in-core experiments
encountered some challenges, two of which were the recurring leak of the instrument
probe and damages to the electronics during assembly process. In the current system
the long aluminum tube in which the electronics reside was made from multiple short
pipes that were welded together and the tip section which encapsulated the detector was
a narrower pipe with a welded round tip. It is critical that the casing is waterproof to
protect the detector and the electronics. Although the probe was pressure tested prior to
the assembly of the instrument in the pipe, leaks were found once it was placed in the
reactor’s pool most likely from the tiny crack of the welded tip and the joints. Harsh
environment near the core may further weaken the joints.

It is recommended that in the future, a laser beam welder should be used to improve the
quality of the welding especially at the tip of the detector holder. Also a helium leak test,
one of the standard methods to identify very small leaks [40], should be performed after
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the probe is fully assembled (with the instrument inside). If necessary the probe should
be air-tight sealed and be put under pressure during the operation to keep the water out.

The current system used long cables (over 27 m) to connect the electronics back to the
data acquisition unit. Only one connection was made through SMA connectors located
only 0.6 m from the electronics which was difficult to be detached during the probe
assembly. As a result, to install the instrument in the probe the detector and the
electronics were fed through the full length of the aluminum pipe from the top end to the
other end. The process then required a high amount of care and risked damaging the
detector and the electronics. To ease the assembly, the connection should be easily
disconnected and another connection should be made at the top of the aluminum probe.
These connections should be detached during the assembly process, and cables should
be pulled through the pipe from the bottom side up. This method minimizes the risk of
damaging the detector and the electronics. The comparison of the current and the
proposed cable connections are shown in Figure 48.
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Current Cable Connections
Detector

Electronics

Connectors

Inside the Instrument Probe

1.68 m
(5.5')

27.43 m
(90')

Data
Data
Acquisition
Acquisition
Unit
Unit

Proposed Cable Connections

1.68 m
(5.5')

9.14 m
(30')

18.29 m
(60')

Data
Acquisition
Unit

Figure 48 Current and proposed cable connections

Another minor change is to replace the hardwire connection of the high voltage line from
the electronics to the detector with a connector. This allows full detachment of the
detector from the electronics. Both of the changes in cable connection will make the
system more convenient to install while remain easy to debug and check.

7.2

Gamma compensated detector

According to the results in Chapter 6, the gamma radiation present in the core was too
high to derive the neutron information from the pulse height distribution. All the charges
generated in the detector in this work were collected whether they were from neutron
events or gamma events. A gamma compensated detector will help lower the gamma
effect by subtracting the charges created by gamma events to permit the recording only
of neutron information. This is especially needed when the preamplifier operates in
current mode, where pulse-shape discrimination is not possible.

A gamma compensated detector should consist of two separate ionization chambers
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that share the same anode wire. The two chambers should have identical geometry and
material except only one of which contains boron-10 to capture thermal neutrons. The
sketch of the detector is shown in Figure 49. The first chamber has the same structure
as the original detector, with a small hole covered with a boron-lined copper piece. The
wall of this chamber is to be connected to a negative high voltage. The two chambers
share the same anode wire, which is in turn to be connected to the preamplifier. The wall
of the second chamber, however, is connected to a positive high voltage, while the other
detector remains connected to a negatively biased high voltage. The two chambers are
to be separated by a ceramic insulation in order to keep the opposite biased walls apart.
Another ceramic tube should be used at the end of the detector to align the long anode
wire with the center of the detector.
To the coax cable

Ceramic Tube
(Insulation)

Anode Wire

Negative
High Voltage Tube
(HV-)

B10

Ceramic Tube
(Insulation)
Positive
High Voltage Tube
(HV+)
Ceramic Tube
(Insulation)

Figure 49 A sketch of a conceivable gamma compensated detector

Due to the identical geometry of the two chambers and their proximity to each other, the
number of charges generated due to gamma events should be nearly equal. However,
the opposite polarity of the high voltage potentials that are connected to the walls causes
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electrons and negative ions to drift to the opposite electrodes. In one chamber they drift
toward the anode wire, while in the other chamber they move toward the wall. Therefore,
charges from gamma events cancel each other out, and only charges resulting from
neutron events are collected at the anode wire.

One of the design constraints of a detector is its size, especially its diameter, since a
detector is to be encapsulated in the detector holder with an inner diameter of 7.747 mm
(0.305”). The proposed design has the same diameter dimension as the current
detector, except that it has an additional wire carrying a positive high voltage to the
second chamber. A 28 AWG wire is thin enough to fit in remaining space in the detector
holder.

7.3

Pulse height distribution of gamma events

As demonstrated in section 6.4, a large number of gamma pulses made it difficult to
identify neutron events in the pulse height distribution. A gamma compensated detector,
as discussed in section 7.2, should reduce the number of gamma pulses. In addition to a
gamma compensated detector, derivation of neutron counts from a pulse height
distribution would be easier if a spectrum due to gamma events of the same
measurement is known. In an experiment, measurements should be taken with both
detector A (without boron) and detector B (with 2-mm boron). Detector A provides
information about gamma events which can be used to eliminate gamma contribution in
a pulse height distribution from detector B. This method was not yet implemented. One
of the reasons is that swapping the detector in the current assembly and cable
connection of the instrument probe is time consuming and risks damaging the detector
and the electronics.
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APPENDIX A: Analysis of shaping amplifier output

Analysis of the output of the shaping amplifier consists of three steps:
Step 1: Filter the shaped output with a running average filter
Considering the original signal of the shaping amplifier in Figure 50(a), the signal
contains high frequency noise causing the small variation in the voltage which needs to
be eliminated or reduced before further processed. A running average filter was used as
a low-pass filter which will smooth out the signal. Figure 50(b) shows an example of the
same shaped output when using an 8-point running average filter. This process
prevented identifying multiple peaks for a single pulse in the peak finding algorithm in the
next step.

Step 2: Identify the pulse
A pulse was positively identified if it complies with two following criteria:
•

Minimum pulse height. The height of the pulse must be higher than a threshold
set to discriminate against noise. The threshold level was adjustable to match the
varied noise level in each experiment.

•

Minimum time separation between two peaks. To be recognized, a pulse must
have a certain separation from the adjacent pulses. This requirement was to
avoid registering a single pulse more than once typically due to a small spike in
the signal even though the smoothing filter was applied earlier. Because the
current shaping amplifier had a 10-µs time constant, a second pulse was
discarded if it occurred less than 30 µs after the previous positively identified
pulse.
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In Figure 50(c) the downward triangles point at the pulses that fall under the criteria
above. The small pulses or ones that were too close to the previous one are not
considered as a positive pulse; therefore, they were excluded from further pulse
processing.

Figure 50 The shaping amplifier output (a) raw data taken at 1 MHz (b) output with the
running average (c) peak identification on the output from (b)

133

Step 3: Create a spectrum or calculate the total count
A pulse-height spectrum is a distribution plot showing the number of pulses or the
relative counts over a range of their amplitudes. It was created similar to the method that
a multichannel analyzer uses. A range of pulse height was divided into a fixed number of
bins, which was 1000 bins in this work. Each of the identified pulses from the previous
step added a count to the bin that corresponded to its height. Because the height of the
pulse is directly proportional to the amount of energy deposited in the detector by the
secondary particles generated from a boron-neutron interaction, the spectrum gives a
very useful piece of information in the study of the detector response. The shaping
amplifier output in the previous example (Figure 50(a)) results in a spectrum illustrated in
Figure 51.

The total count is the area under the spectrum or the sum of counts in all of the bins that
have pulse height above the set threshold. This number is used to calculate the reaction
rate.
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Figure 51 The spectrum of the shaping amplifier output
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APPENDIX B: Characterizing pulse height distribution of gamma
events

Analysis of in-core measurements in section 6.4 showed that a large number of pulses
from gamma rays dominated the pulse height distributions. Neutron events could not be
identified in these distributions. This section discusses an additional analysis method to
estimate a shape of the distributions of gamma events in an attempt to derive neutron
information.

The spectrum of the in-core measurements, as shown in Figure 44, shows that the
distribution of the gamma pulses in the low amplitude area tends to have a shape of a
partial Gaussian distribution. These distinct characteristics can be made useful in the
analysis. If we know or can estimate the shape of the distribution, it is possible to strip
the gamma pulses off the spectrum. The equation of the Gaussian function (normalized)
is

where = =


w√ y

^(<) =

( ;)L
;
vL
=%

,  = z, and 8 = {. The parameters z and { refer to expected value and

standard deviation, respectively. The expected value determines the center of the peak
of the distribution, and the standard deviation affects the width of the curve. Because = is

a reciprocal of the parameter { multiplied by a constant, the Gaussian function

essentially depends on two variables: z and {. With the proper values for z and for { a
Gaussian function is used as an estimate for the gamma pulses in the spectrum. The
anomaly in the spectrum departing from the Gaussian estimate is consequently the
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neutron pulses. Figure 52 shows the pulse height distribution of the in-core
measurement at position 27 overlaid with the Gaussian function. Note that the variables
of the function may not yet be the best values in data fitting.

Figure 52 A Gaussian function overlaid on the top of the spectrum of the in-core
measurement at position 27

The proposed analysis method is then as follows:
1. The first step in the analysis is to find a Gaussian function which fits the spectrum
the best. The function depends on three variables: the expected value, the
standard deviation, and the normalization gain. To choose the values that will
give the best fit to the spectrum, the simple regression and the least squares
method can be used to monitor the fit.
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2. To get the neutron information, the Gaussian function is subtracted from the
spectrum. The result of the subtraction in the previous example in Figure 52
above is shown in Figure 53.

Figure 53 The spectrum at position 27 after the Gaussian function is subtracted off.

For a simple analysis or a quick check of the system, the number of neutron pulses can
be calculated by adding the resulting differences of all pulse height intervals similar to
the analysis in the previous chapters. Any negative difference will be adjusted to the
value of zero. Nonetheless the data can be further processed to obtain more detailed
information about the number of detected neutrons.

3. To find the total counts from the experiment 
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, instead of using the number of

pulses from all the bins directly, the distinct point in the spectrum can be used in
the calculation. Consider the spectrum of the detector from the MCNP simulation
in Figure 54, the total counts from the simulation, referred to as |9. , is the sum
of all the counts. If the low amplitude pulses are excluded, the shape of the
spectrum looks like a trapezoid. The distinct point in the spectrum (point A) is the
crossing point between the approximate lines of the top base side (line A) and of
the lateral side (line B).

Figure 54 The spectrum of the detector from the MCNP simulation. The shape is close to
a trapezoid. Lines A and B are the approximation of the top side and the lateral side of
the trapezoid, respectively.

The spectrum is then simplified to a rectangular shape which has point A as a reference
corner. The estimate of the total counts in the simulated spectrum, referred to as |9. , is
now the product of the number of counts at point A (or the y value) and the number of
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bins whose amplitude is lower than or equal to the x value of point A. Knowing |9. and
|9. , we can find the ratio of the estimate count to the actual count or '|9. =


}~
.
}~

4. The same process can be applied to the experimental data. The ratio of the
estimate count to the actual count or '

is equal to


}

}

. Because this ratio

should be equal to one derived from the simulation, the total counts from the
experiment 

can be calculated.
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5. The next step in the analysis is to determine the estimated number of the neutron
pulses or 

from the spectrum after the gamma pulses is removed. Point A in

the spectrum from the experiment is first to identified as it will be used as a
reference point. Similarly, this point is the crossing point between the flat line and
the declining slope of the spectrum. For example, point A in the previous
example is shown in Figure 55.
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Figure 55 The reference point (point A) which is used in the calculation of 
6. The total number of neutron pulses detected by the system or 

.

is found by

using Equation (B.1).

This proposed analysis methodology has not yet been applied to the data. Gamma
contribution in the current dataset was so large that determining accuracy of this
technique was not yet possible. Further studies are required, especially in step 1 and 2,
preferably on a new set of data taken from a gamma compensated detector previously
described in section 7.2 in order to determine accuracy and usefulness of the analysis
method in improving the result of in-core experiments.
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