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ABSTRACT
HIGH-ENERGY COSMIC AND GAMMA RADIATION
MEASUREMENT WITH REMOTE-CONTROLLED
SECONDARY EMISSION IONIZATION CALORIMETRY
MODULES

Nejdet PARAN
Ph.D. in Electrical and Computer Engineering
Advisor: Assoc. Prof. Dr. Burak TEKGUN
Co-Advisor: Assoc. Prof. Dr. Emrah TIRAS
August 2024

The demand for precise, robust, and reliable radiation-resistant particle detectors and
ionization calorimeters intensifies, due to the escalating luminosity and unprecedented
radiation conditions at particle colliders and accelerators. Secondary Emission (SE)
Ionization Calorimetry is a novel technology designed to measure the energy of
electromagnetic and hadronic particles, particularly in extreme radiation conditions. In
this study, we have tested and investigated the development and radiation test of the novel
SE modules. The modules were developed by modifying the conventional Hamamatsu
single anode R7761 Photomultiplier Tubes. Three different voltage conditions for the
same module were developed and the new modules were tested by using cosmic, gamma
(Co-60) and neutron (AmBe) radiation sources. The results show that all three modes
have good sensitivity to electromagnetic showers, and they are suitable for harsh radiation
environments. This study also shows that SE module is a promising technology shedding
light on future radiation-resistant nuclear and high-energy detectors. Here, we discuss the
technical design, test characteristics and cosmic and particle interaction results of the
newly developed SE modules. Since such detector systems are either in a high radiation
area or in a closed room/box, remote mode changes allow us to continue the experimental
process without interruption. By adding these signals to the interface where the modes

are controlled, we can instantaneously observe the modes’ effects.

Keywords: Secondary Emission lonization Calorimetry, Cosmic Radiation, Radiation
Detectors, Particle Detectors, PMTs.



OZET
UZAKTAN KONTROLLU IKINCIL EMISYON
I'YONiZASYON KALORIMETRI MODULLER] iLE YUKSEK
ENERIJILI KOZMIK VE GAMA RADYASYON OLCUMU

Nejdet PARAN
Elektrik ve Bilgisayar Mithendisligi Anabilim Dali Doktora
. Tez Danigsmani: Dog. Dr. Burak TEKGUN
Ikinci Tez Danismant: Dog. Dr. Emrah TIRAS
Agustos 2024
Parcacik ¢arpistiricilart ve hizlandiricilarinda artan parlaklik ve ¢ok yiiksek radyasyon
kosullar1 nedeniyle hassas, saglam ve giivenilir radyasyona dayanikli pargacik
dedektorleri ve iyonizasyon kalorimetrelerine olan talep artmaktadir. Ikincil Emisyon
(SE) Iyonizasyon Kalorimetrisi, dzellikle asir1 radyasyon kosullarinda elektromanyetik
ve hadronik parcaciklarin enerjisini 6l¢gmek icin tasarlanmis yeni bir teknolojidir. Bu
calismada, yeni SE modiillerinin gelistirilmesini ve radyasyon Ol¢limii test ettik ve
arastirdik. Modiiller, geleneksel Hamamatsu tek anotlu R7761 Foto ¢ogaltici Tiipleri
modifiye edilerek gelistirilmistir. Ayni1 modiil i¢in ti¢ farkli voltaj modu gelistirilmis ve
yeni modiller kozmik, gama (Co-60) ve nétron (AmBe) radyasyon kaynaklari
kullanilarak test edilmistir. Sonuglar, her ii¢ modun da elektromanyetik akiya karsi iyi bir
duyarliliga sahip oldugunu ve zorlu radyasyon ortamlari i¢in uygun olduklarini
gostermektedir. Bu calisma aynmi zamanda SE modiiliiniin gelecekteki radyasyona
dayanikli niikleer ve yiiksek enerjili dedektorlere 11k tutan umut verici bir teknoloji
oldugunu gostermektedir. Burada, yeni gelistirilen SE modiillerinin teknik tasarimi, test
ozellikleri ve kozmik ve pargacik etkilesim sonuclar1 tartigilmaktadir. Bu tiir dedektor
sistemleri ya yliksek radyasyonlu bir alanda ya da kapali bir oda/kutu igerisinde oldugu
icin uzaktan kontrol ile mod degisimleri deneysel siireci kesintiye ugratmadan devam
ettirmemizi saglar. Bu sinyalleri modlarin kontrol edildigi arayiize ekleyerek modlarin

etkilerini anlik olarak gozlemleyebiliriz.

Anahtar kelimeler: Ikincil Emisyon Iyonizasyon Kalorimetrisi, Kozmik Radyasyon,

Radyasyon Dedektorleri, Parcacik Dedektérleri, PMT ler.
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Chapter 1

Introduction

In high-energy and nuclear physics, one of the most applied methods to measure
the momentum and energies of particles is energy measurement with calorimetry.
Calorimeters are based on converting particle showers formed by primary particles into
first light using crystal, quartz, or plastic scintillators and then electric signals using a
photodetector. In high radiation environments, calorimeters made of crystalline materials
or plastic scintillators need help in terms of long-term signal efficiency and calibration.
In addition, they are usually unsuitable for fast and narrow-band signal production for
fast triggering and event selection algorithms. Although the quartz-based calorimeters
can produce fast and narrow-band signals and are very resistant to high radiation, the
amount of signal produced per charged particle (photoelectron/GeV) is low, and they are
primarily sensitive to the electromagnetic core of the hadronic showers. They might be
used in detector areas that do not require high energy resolution or can be improved to
get higher scintillation light. Therefore, most calorimeter research and development
studies focus on new active material, radiation resistance, and high light yield due to

particle interactions and detector designs to fill this gap.
1.1 Motivation and Objectives

Secondary Emission Ionization (SE) calorimetry is a novel technique to measure
electromagnetic shower particles in extreme radiation environments [1-3]. There has
been ongoing research and development studies on the SE calorimetry concept, but there
are still many areas that need to be filled in terms of remote controllable electronics, and
independent active modes. Also, some of the developed modes previously were tested
with high-energetic protons, but there wasn’t a comprehensive study with different sub-

atomic particles such as cosmic particles, gamma and neutron radiation [2—5]. The



motivation of this study is to develop and produce a remotely controllable baseboard for
SE calorimetry and similar calorimetric applicationsand characterize the newly developed
module with cosmic, gamma, and neutron sources. n this thesis, the traditional PMT bias
circuit is modified and re-designed for multiple anode signal outputs for characterization
of different operation modes. The design of different operation modes, characterization
measurements of both secondary emission modes and the traditional PMT mode are
studied in detail. The required sensor front-end and back-end circuits are designed to
enable the different operating modes, which allow fault-tolerant operation of SE
calorimetry in radiation-harsh environments. In addition, a remote-control circuit with a
computer interface program is designed to switch between different operating modes,

which facilitates working with complex detector systems.

In this thesis, the design and implementation of front-end and back-end electronic
circuit systems for such a calorimeter module focuses on multi-operating modes and
remote-control features. We aim to have sensitive SE detector modules for

electromagnetic shower particles as well as neutron radiation.

1.2 Thesis OQutline

The following is an outline of how the remaining content of this thesis is structured.

The second chapter, a crucial foundation of our study, delves into the extensive
literature on radiation and its detectors. Here, we provide comprehensive definitions,
elucidating the intricate working principles of radiation detectors. After a brief overview
of other detector types, our focus shifts to photomultiplier tube detectors, the core of our
research. We meticulously explain the structure and working principle of photomultiplier
tubes, including the intricate components such as the photocathode, dynode, anode, and
input window. The parameters that shape the spectral response characteristics of a
photocathode are thoroughly analyzed. Lastly, we specify the dimensions, pin names, and

locations of the R7761 PMT, a key component in our study.

The third chapter meticulously details the preparatory phase of the testing process,
a crucial step in our thesis. This phase involves a series of carefully planned and executed

procedures to ensure the accuracy and reliability of our results. This chapter explains



the Secondary Emission lonization (SE) calorimetry technique. It also discusses the
design and manufacturing of the electronic board for the operation of the R7761 detector.
Here, the differences in the design of manual-control and remote-control electronic
boards are simulated and explained. Finally, the interface program to control the remote-
control board via computer is discussed. In addition, we analyze the voltage-dependent

signal size, dark current and gain measurements of the PMT we use.

In the fourth chapter, we begin by providing a comprehensive understanding of the
technical background necessary for the experimental process. We then move on to the
testing of the electronic cards obtained for the thesis study with the R7761 photomultiplier
tube, and the results are meticulously evaluated. We also provide detailed information
about the work carried out to solve the problems that occur in particle detectors operating
in high-radiation environments. One of these solutions, the secondary electron
calorimeter, is discussed. Finally, we present and interpret the graphs of the results of our

tests with cosmic and gamma rays.

In the fifth chapter, we evaluate the results we have found throughout the thesis,
especially in the fourth chapter. The graphs found as a result of the testing process are

explained and interpreted.

In the last chapter, after giving a conclusion, we discuss how our work contributes

to social and scientific studies and provide information about possible future studies.



Chapter 2

Literature Review and Background

2.1 Introduction

In this chapter, after giving general information about radiation, some types of
radiation are explained. The standard model of particle physics is briefly explained. After
describing the types of detectors used in particle detection, we give a description of the
working principles of radiation detectors. After a brief overview of other types of
detectors, our focus shifted to the subject of our research, photomultiplier tube detectors.
We describe the structure and working principle of photomultiplier tubes, including the
components of photomultiplier tubes such as photocathode, dynode, anode, and input
window. The parameters that shape the spectral response characteristics of a
photocathode are described. Finally, we specify the dimensions, pin names and locations

of the R7761 PMT we used in our study.

2.2 Definition of Radiation and Some Types of

Radiation

Radiation is the transmission or emission of energy in particles or waves through a
material medium or space. Radiation consists of nuclei and subatomic matter, and non-
matter particles. These particles can be charged or neutral heavy particles (e.g., protons,
neutrons, electrons, nuclei, and nuclear fragments) and massless neutral particles such as
X-rays and vy rays. The laws that govern subatomic particle interactions determine the
mechanisms by which radiation impacts the surrounding world. This includes
Electromagnetic radiation, particle radiation, acoustic radiation and gravitational

radiation.



Modern particle accelerators like CERN-LHC may measure lengths up to 107! m.
[6]. At this distance, neither the electron nor the quarks have any observable substructure.
Therefore, as of today, quarks and electrons are the fundamental building blocks of atoms.
Besides the electron and quarks, other fundamental particles such as muon, tau have been
observed. Also, there is antimatter which was introduced in 1928 by Paul Adrien Maurice
Dirac [7], and an antielectron (e") is more commonly called a positron, was found in 1932

by Carl D. Anderson [8].

A subatomic particle is one of the particles that make up an atom. Based on the
Standard Model (SM), a subatomic particle can be either a composite particle or an
elementary particle. A composite particle (for example, a proton, neutron, or meson) is
one that contains two or more elementary particles. An elementary particle (for example,
an electron, photon, or muon), also known as a fundamental particle, is not composed of
other particles. Particle physics and nuclear physics investigate these particles and their

interactions.

There are four fundamental forces of nature; gravitational, electromagnetic, strong
nuclear, and weak nuclear. The interaction between elementary particles occurred by
applying one or more of those forces. The main factor that determines which force will
act significantly is the distance between them. Electroweak interaction means the unifying
electromagnetic force and weak nuclear force in a mathematical description. Electroweak
interactions affect all quarks and leptons. Neutrinos have no electric charge. Hence, they
solely communicate through the weak force. Quarks (at distances of 10"'®m) only feel the

strong nuclear force.

2.3 Natural Source of Radiation

Whether they are charged or neutral particles, described by the term radiation.
However, all elementary particles can be considered a form of radiation. In the vast
universe, we find a multitude of radiation sources. These sources can be scientifically
categorized into two main groups: natural and artificial. Natural radiation, which we
encounter daily, originates from terrestrial, solar, or astronomical sources. These natural

radiation sources are a part of our everyday lives, even if we don't always realize it [6].



2.3.1 Cosmic Microwave Background

The cosmic microwave background (CMB) is a unique form of radiation. It is the
low-energy photons emitted from other galaxies that permeate the entire universe. This
radiation, scattered throughout the universe, has a distinct millimeter-sized wavelength
and appears as a glow. It is a thermal radiation that occurred about 380,000 years after
the Big Bang, providing valuable information about that time. It is considered a relic of
the early universe. Measured at a temperature of 2,725 kelvin, corresponding to the
thermal radiation of a blackbody with a frequency of 160.2 GHz and a wavelength of 1.9
mm, it was precisely measured outside the atmosphere by the Cosmic Background

Explorer (COBE) satellite.

The discovery of cosmic background radiation in 1964 by Penzias and Wilson was
a groundbreaking moment in the field of astrophysics and cosmology. Using a horn
reflector antenna at the Crawford Hill Laboratory [9,10], they stumbled upon a residual
at a temperature of 3.5 = 1.0 K while attempting to estimate the contribution of radiation
with a wavelength of 7.3 cm. This marked the first tangible evidence of the cosmic
microwave background Radiation. The CMB spectrum was later measured by the COBE
satellite between 1989 and 1993, confirming the temperature radiation to be close to the

emission of a black body with a temperature of T =2.726 + 0.010 K [11,12].

2.3.2 Cosmic Radiation

There is a continuous flux of particles reaching the Earth from galaxies in the
Universe. When particles from the cosmic flux enter the Earth's atmosphere, they interact
with particles in the atmosphere and produce a series of particles. These produced
particles descend on the Earth like cosmic rain. These stable particles or nuclei entering
the Earth's atmosphere have lifetimes of one or several million years. In astrophysical
sources, accelerated cosmic radiation is called a 'primary' source (proton, electron, helium
nucleus, etc.). These primary particles can interact with interstellar gas, producing a
secondary type of cosmic radiation (antiprotons, positrons, etc.). Therefore, the diversity

and density of particles in the atmosphere varies with altitude [6,13,14].

Two important instances of nucleon interactions between cosmic radiation and the

atmosphere are as follows:



n+ 14N - p + 14C, 2.1

p+160->n+m+X. (2.2)

The first reaction is the Carbon-14 (radiocarbon) method for dating organic materials. In
the second reaction, muons and neutrinos are the products of the decay chain of charged
mesons and pions produced in the upper layers of the atmosphere. Muons and neutrinos
are the most abundant particles at altitudes up to about 4,000 meters, a significant altitude

limit due to the decreasing density of the atmosphere with increasing altitude [15-17].
2.3.3 Solar Radiation

Solar radiation is a component of cosmic radiation that originates from the sun.
Solar radiation consists of large particles such as protons and electrons from the sun's
surface, electromagnetic radiation, and neutrinos from the nucleus. The ultraviolet part of
the electromagnetic spectrum is the only harmful radiation that reaches sea level. At a
temperature of 5,776 K, the spectrum of a blackbody is the same as the electromagnetic
radiation of the sun. The majority of neutrinos are generated by the p +p —
“D + e + v, process called the p-p chain. More energetic neutrinos are produced by the
so-called p-e-p reaction, p+ e~ +p = iD + v, (E,, = 1.442 MeV), or by the 8B -
8Be* + e* + v, reaction (up to 15 MeV). The solar neutrino flux was first measured by

the Homestake experiment [18].
2.3.4 Natural Radioactivity

There exist three distinct categories of natural radiation sources: cosmic, terrestrial,
and interior. A nucleus is identified by its atomic number and mass number, which
represent the number of protons and neutrons it includes, respectively. These values are
often represented using letters and numbers. The most common types of nuclear
emissions are referred to as B3, y and a decays. Table 2.1 summarize a concise overview

of the primary forms of radiation generated by naturally occurring radioactive processes.



Table 2.1 Table of some types of natural radioactive radiation.

. ooc Mass Energy
Name Particle Type Origin Charge [e] [MeV/c?] distribution
a 2p2n (nucleus) Nuclear +2 3.73 Discrete [MeV]
B* et Nuclear +1 0.51 E{ZI&I;XS{]/?
EM radiation Nucl 0 0 Discrete
14 [1< 1073 nm] uclear [keV-MeV]

. _ Discrete
Conversion e Nuclear -1 0.51 [high keV]
Fission . N Continuous
e nuclei Nuclear =20 80-160 [30-150 MeV]

Continuous or
Neutron n Nuclear 0 939.6 Discrete
[keV-MeV]
EM radiation . Discrete
X-ray [A=0.01— 10 nm] Atomic shell 0 0 [eV-keV]
_ . Discrete
Auger e Atomic shell -1 0.51 [eV-keV]

2.4 The Standard Model

The SM of particle physics explains the electromagnetic, weak, and strong forces
interaction between elementary particles using the quantum mechanical relativistic
theory. The Standard Model also classifies all known elementary particles in the
Universe. Elementary particles have several classes. The two main classes are fermions
and bosons. Fermions have a spin of 1/2, and they obey the Fermi-Dirac statistics [19,20].

Bosons have a spin of 1, and they obey the Bose-Einstein statistics [21].

2.5 Types of Particle Detectors

When a charged particle collides with electrons in atoms, they transfer their energy
to the matter in which that atom is located. This energy causes atoms to be excited or
ionized. The design of the detector indicates the form of the converted energy.
Scintillators convert different types of incoming radiation into photons, helping the
detector detect it. Although many different detectors have been developed for different
purposes and applications, they all work on the same principle: measuring the incoming
radiation by converting the radiation energy into the type of radiation that the detector

can detect [22-25].



2.5.1 lIonization Detectors

Ionization detectors were the initial electrical devices created for radiation detection
[26-30]. A charged particle passed through a gas chamber must have enough energy to
ionize a molecule or gas atom along its path. The ions and electrons which ionize cause

a current flow that can be measured.

2.5.2 Scintillation Detectors

Scintillation detectors are a highly prevalent and extensively utilized instrument for
detecting particles. Scintillators are substance that scintillate when exposed to an ionizing
radiation. If the scintillator is coupled with a photomultiplier, this combination can
convert these scintillations into electrical pulses. These signals, which are first converted
from the scintillator and then amplified through the photomultiplier tube and reach the

anode, are measured and counted by means of appropriate electronic circuits [22,31].

2.5.3 Semiconductor Detectors

The low energy resolution of scintillators is a major constraint in their use. Such
meters need to transform the energy from the incoming radiation into light and then
produce an electrical pulse. This process occurs in many steps, resulting in reduced
efficiency. The small number of statistical fluctuations limits the energy resolution that
can be achieved. To address the decrease in energy resolution, it is necessary to augment
the quantity of information carriers at each pulse. Using semiconductor detectors may
provide more carriers for some radiation phenomena than other detectors. Semiconductor
detectors give the highest level of energy resolution among all currently existing
spectrometers. Semiconductor detectors possess a small size, rapid timing capabilities,
and the ability to be made in any desired thickness. The disadvantages of semiconductor
detectors are their small size and reduced efficiency due to damage caused by high
radiation environments. Despite these drawbacks, the advantages of semiconductor

detectors are a testament to their potential in radiation measurement [32—40].



2.6 Photomultiplier Tube (PMT) Detectors

The photoelectric effect, which originated in Hertz's experiments, is one of the
earliest examples in modern physics of an observable effect of light's particle/photon
nature [41]. An effect that played a crucial role in Einstein's explanation of the nature of
light in terms of Planck's energy quantum [42]. The photoelectric effect also played an
essential role in developing the photomultiplier tube, a device widely used today for
single photon detection over a wide energy range. Since the beginning of the 20th century,
the Geiger-Muller tube has been utilized to detect high-energy individual particles and
photons in the X-ray and gamma-ray ranges. The detection of single photons at visible or
lower energy became possible only after the introduction of the photomultiplier in the late

1930s.

Photomultipliers (PMTs) are very susceptible vacuum tubes that transform light
into a quantitative electric current. PMTs are most often coupled with scintillation
detectors in high energy and nuclear physics. Thanks to photomultiplier tubes which
transform the very poor light output of scintillation signal into an observable electrical

pulse, scintillators could widely be used in radiation detection and spectroscopy [43—50].

In many fields, from academia to industry, photomultiplier tubes (PMTs) serve as
photodetectors for a variety of applications. Applications of PMTs include radiation
monitors, high-energy physics experiments, medical diagnosis, environmental
measurements, spectrophotometry, microscopy, life science measurements, non-contact
industrial measurements, oil well logging, and solid surface analysis. PMTs are widely
used for radiation measurements in nuclear power plants. Today, the loss or theft of
nuclear materials has become a serious source of risk. Therefore, it has become very
important to inspect and detect these nuclear materials at transfer points at national
borders. Photomultiplier tubes with appropriate scintillators are also used for various
radiation inspections [51-54]. In addition, a new field of application has emerged known
as secondary emission ionization calorimetry in recent years. Calorimeters quantify the
energy of secondary particles resulting from particle interactions [55]. Calorimeters are
devices that transform the energy of particles into either light or an electric charge when

discharged into matter. Typically, this is quantified using detectors that comprise an

10



inorganic scintillator, plastic scintillators and heavy metals combined with a

photomultiplier tube.
2.6.1 Light Sensing

Photon detectors convert the information carried by light into an electrical analog
signal. The time response of a detector is usually specified regarding some property of
the pulse shape, such as rise time, or the response can be described in terms of bandwidth.
All detectors are sensitive to the wavelength of a signal but cannot determine it directly;
this requires additional instrumentation, such as a monochromator. Light detection is a
complex quantum mechanical process that absorbs the energy of a photon to produce a
free electron. Given sufficient photoelectron production per unit time, this intricate
process allows us to measure this charge in terms of a current or voltage to measure the

light input.

Photomultiplier (PMT) detectors, a significant milestone in light detection, are
often used at infrared wavelengths with very low quantum efficiencies. Thanks to their
high and relatively noise-free gain, PMTs can detect single photoelectrons. Until the
1970s, PMTs were the only commercially available detector capable of detecting

photoelectrons.

Consider the case where a photocathode is illuminated by a random but constant
light source, producing an I, photocurrent. By random, we mean that all frequency
components are equally likely. By constant, we mean that the average current measured
over sufficiently long, consecutive periods is constant. However, a random component
superimposes this current as a result of the quantized nature of light and charge, a
phenomenon called the Schottky effect. The rms noise current, (i2)1/2, is shot noise and
is given by

(i2)/% = (2el, ), (2.3)

where e is the electronic charge and Af is the noise bandwidth. Shot noise exists only
when a signal, I, is present, which can be interpreted as a random but measurable
modulation on I,. Equation (2.3) is one of the most important relationships in light
measurement. Its impact on light detection is particularly noticeable when light levels are

low. An important consequence of Equation (2.3) is that the precise measurement of I, is
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a challenge due to the presence of this intrinsic noise, (i2)*/2. In PMT applications,
current-to-voltage conversion is realized by including a load resistor, R, at the anode. All
resistors are sources of electromotive force (EMF - is a battery's or cell's energy per
coulomb (Q) of charge) with associated noise, whose magnitude is given by the Johnson

noise formula below:

1/2
ﬁ) , (2.4)

@ = (=

where k = 1.38x10723 J/K is the Boltzmann constant, and T is the absolute temperature,
usually taken as 300 K. The thermal noise expression in terms of voltage follows
Equations (2.4) and (2.5).

(i#)1/% = (4kTRAf)2, 2.5)

It predicts an infinitely noisy EMF for an open circuit (infinite resistance). However, the
unavoidable presence of stray capacitance, in addition to that deliberately added for
bandwidth control, introduces finite impedance into the signal. At this point, it is worth
emphasizing that wherever noise is involved, the appropriate bandwidth is Af = 1/4RC
and not 1/2mRC, the more familiar signal bandwidth, although the numerical difference

is negligible. Equation (2.5) is then reduced to (ijz) = kT/C. Assuming typical values for

the relevant parameters, comparing the relative contributions to noise from these two

primary sources is beneficial.

For example, suppose a photocurrent of I, = 107> A corresponds to an average
flux of 6300 photoelectrons (pe)/s. While this is a weak signal in terms of PMT, it is not
very weak. The bandwidth, Af, appears in both noise expressions and is taken as Af =1,
R =1, T=2300, and (g) = 106 in equations (2.6) - (2.8) below for the current ratio metric
analysis. There is no loss of generality, as the formulas can be easily scaled. The mean
gain of the multiplier, (g) is enclosed in chevrons to emphasize its statistical nature. Shot
noise arises from current flow at the photocathode but is enhanced by the multiplier gain
(g) when observed at the anode. On the other hand, Johnson noise is outside the influence
of the PMT because its source lies in an added load resistor. Taking Af and R equal to
unity, the contributions from the shot and Johnson noise at the anode are Equations (2.6)
and (2.5).

(i2)1/2 = (2el,)?*(g) = (2 x 1.6 x 1071° x 10715)1/2 x 10° = 18 pA, (2.6)
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(i7)/2 = (4kT/R)*? = (4 x 1.38 x 10723 x 300)'/2 = 129 pA. (2.7

The combined noise is given by adding the contributions in quadrature (Equation

(2.8)), noting that Equation (2.6) depends on the signal and Equation (2.7) does not.

a2 = (22 +(2)2) "2 = (182 +1292)1/2 = 130 pA. (29)

Equations (2.3), (2.4), and (2.8) are plotted in Figure 2.1 as a function of R,
considering a unit bandwidth as in standard practice. The graph compares the magnitudes
of shot and Johnson noise at the anode for a cathode current of 1015 A and a multiplier
gain of 106. The two noise sources have the same magnitude for a load resistance of 50
Q, a value suitable for signal transmission over coaxial cable. The combined noise is the
sum of the two sources taken in quadrature. The quadrature addition procedure makes the
net effect of the shot contribution negligible in this case. The two contributions are equal

if Equation (2.9)

(i)/2 (ZeIkR

@72 =\ Gkt )@ =1 29

For I, =107 A and (g) = 10°, Equation (2.9) shows that R is 50 Q and
independent of Af. The Johnson noise in the load resistance determines the most minor
measurable cathode current. The main characteristic of an electron multiplier is that it

provides current amplification without resistance.
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Figure 2.1: The graph compares the magnitudes of shot and Johnson noise at the anode
for a cathode current of 1015 A and a multiplier gain of 106.
Processing fast, nanosecond rise time output pulses from a detector requires a
bandwidth in the region of 100 MHz and preferably a load resistance of 50 Q, for the

reasons given earlier. The combined noise is

AkT 1/2
(issp2)/? = (T + 2€1k(g)2) X Af1/2 =256 x 10711 x /108 = 0.256 pA.  (2.10)

In this example, equal contributions are obtained from the two noise sources.

The effect of the wide bandwidth is to increase the noise from 25.6 pA rms at unity

bandwidth to 0.256 uA rms at 100 MHz bandwidth.

Equation (2.11) gives the gain required for multiplier noise to exceed Johnson noise.

AkT )1/2 ~ (0.052)1/2 ~ (0.052 1z

2el,. R L.R 10_9) ;(g> > 7000 . (2.11)
k K

(9= (
2.6.2 DC Detection with a Photomultiplier Tube

A conventional PMT, a key component in photonics and optical detectors, is
composed of a photocathode and a current multiplier component within a vacuumed glass

envelope. The heart of its amplification lies in an m-stage dynode chain, a process rooted
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in the principle of secondary emission. In an ideal scenario where we adhere to Poisson
statistics, the average stage gain § translates into a total gain of §™ at the output (anode)
of the PMT. This gain, crucial to our understanding, can be expressed as (g) or §™

depending on the context.

Considering the noise evolution as the signal passes through each dynode stage, the
overall mean square noise after the m stages will be the same as in the photocathode for
a noise-free multiplier. However, if (i%)'/? = (2el, Af)Y/26™ is considered, the overall
gain will increase the square noise. We assume that the Dinot multiplier is a random
phenomenon obeying Poisson statistics. We must modify the shot noise formula to allow
for additional noise sources due to the multiplier. This equation requires the inclusion of
the factor §™(6™*! — 1)/(8 — 1). When we add this decomposition, we get

5m+1 -1
(i2) = 2el, Af |6™ ——7 | (2.12)

Dividing (S/N)op, the signal-to-noise ratio at the output, by (S/N)jp, the signal-to-
noise ratio at the input, and substituting the results following equations (2.3) and (2.12), we
arrive at equation (2.13)

(S/N)Z,  6™(8 — 1)

= . 2.13
(S/NZ, ~ 6™ —1) -
In practice, om+1 greatly exceeds unity; hence,
S/N)2 6—1
(/Nop _ = ENF (2.14)

(S/N);, 6

ENF stands for excess noise factor (ENF), which represents the ideal performance
for an electron multiplier with Poisson statistics. However, the multiplier noise in real
PMTs consistently exceeds the value obtained here. The actual ENF value can be
calculated from a pulse height distribution without any assumptions on the theoretical
value. This, known as the single electron response (SER), is obtained by illuminating the
photocathode with a random single photon source. Calculating the variance of an
experimental distribution leads to the ENF. ENFs are related to many other light detectors,
mainly in how they degrade resolution, as shown in Table 2.2. The table shows the

resolution capabilities of various light detectors assuming a preamplifier with an ENC of

15



1000 electrons, where 1) is the quantum efficiency (QE), and N is the number of photons

in the signal.

Figure 2.2 provides a visual representation of three crucial aspects of an electron
multiplier: The signal-to-noise (S/N) ratio diminishes as the number of stages increases;
the S/N ratio benefits from an increase in the stage gain; and the first stage, in particular,
must have a high gain. Graph showing S/N ratios as a function of the number of dynodes
for various tap gains obtained from Equation (2.13). For m = 8, this curve is practically
indistinguishable from the curve obtained for [(§ — 1)/8]'/2. The graph shows that the
S/N ratios rapidly approach unity as 6 increases. This latter requirement is easily met by
setting Vi_q1 higher than the inter-dynode voltages, typically by a factor of 2 to 3. From
equation (2.5), it is evident that the rms Johnson noise (ijz)l/ 2 increases as R1/2. However,
the high multiplier gain allows for the use of a relatively small resistance to counteract
the contribution of this noise. Moreover, selecting a low-value load resistor (R) is essential

if a wide bandwidth and, therefore, a good high-frequency response is desired.
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Figure 2.2 Graph showing S/N ratios as a function of the number of dynodes for various
tap gains obtained from Equation (2.13).



2.6.3 Light Detectors Categories

Light detectors can be divided into two broad categories: those that provide images
and those that do not. The other two main subcategories are vacuum devices such as
PMTs, microchannel plate PMTs (MCPPMTs), and hybrid PMTs, and solid-state devices
such as PIN diodes, avalanche photodiodes (APDs), pixelated silicon PMs (SiPMs), and
charge-coupled devices (CCDs).

Table 2.2 Table of resolution capabilities of various light detectors assuming a
preamplifier with an ENC of 1000 electrons.

Detector n (%) ENF (g9) Resolution

PMT 30 1.2 10° (4/N)1/2
Fine-mesh PMT 30 2.0 10° (6.7/N)1/2
MCPPMT 20 1.5 10° (7.5/N)'/?

PIN diode 80 1 1 [1.25/N + (1250/N)?]/?
APD 80 10 100 [12.5/N + (12.5/N)?]*/2
SiPM 30 1 10° (3.3/N)1/2

VLPC 80 1 6x10* (1.25/N)*/?

HPD 30 1 103 [3.3/N + (3.3/N)?]'/?
HAPD 30 1 10° (3.3/N)/2
Poisson limit (1/ N)1/z

2.6.4 Structure of Photomultipliers

A photomultiplier tube is a type of vacuum tube typically enclosed in an evacuated
glass tube. It includes an input window, a photocathode, focusing electrodes, an electron
multiplier, and an anode. The schematic design of a photomultiplier tube is shown in

Figure 2.3.
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Figure 2.3 Construction of a photomultiplier tube

The following procedures detect light that enters a photomultiplier tube and
generates an output signal.

1. The input window lets light in.

2. External photoelectric effect: The photocathode's electrons are excited by light,
releasing photoelectrons into the vacuum.

3. The focusing electrode accelerates and focuses photoelectrons into the first
dynode, where secondary electron emission multiplies them. The mentioned secondary
emission occurs repeatedly with every subsequent dynode.

4. The anode is ultimately responsible for gathering the amplified secondary

electrons released by the final dynode.
2.6.5 Basic Characteristics of Photocathodes

This section provides an overview of photocathodes and window materials that
have been utilized in practical applications throughout history. It also defines key terms
associated with photocathodes, including radiant sensitivity (the ability of a photocathode
to transform incoming photons into electrons), luminescent sensitivity (the ability of a
photocathode to emit light when excited by photons), and quantum efficiency (electron

emissions to photons incident on the photocathode).
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2.6.5.1 Photocathode materials

Photocathodes typically consist of compound semiconductor materials containing
alkali metals. It is preferable for these materials to possess a low work function. Currently,
around 10 varieties of photocathodes are employed in real-world applications.
Photocathodes are offered in two types: transmission, which is translucent, and reflection,
which is opaque. The spectral response is subject to variation based on the specific mix
and kind of photocathode and window material. The following are photocathode materials

commonly used in photomultiplier tubes [43].
Cs-It

Often referred to as "sun blind," Cs-I has little susceptibility to solar radiation.
When it comes to wavelengths less than 115 nanometers, Cs-I is highly sensitive, but
around 200 nanometers and beyond, its sensitivity rapidly decreases. Therefore, it is
employed for the purpose of detecting UV radiation. Due to its high ultraviolet
transmittance, synthetic silica or MgF crystal is used as the window material. The MgF»
crystal utilized as the entry window is incapable of transmitting wavelengths that are less
than 115nm in length. It can be used to measure light with wavelengths shorter than
115nm by removing the entrance window in a vacuum environment and using a first

dynode with Cs-I deposited on it instead of a photocathode.
Cs-Te:

Cs-Te, like Cs-I, is called "sun-blind" and lacks sensitivity to wavelengths beyond
300 nm. When using Cs-Te, both the transmission type and the reflection type have the
same range of spectral response. However, the reflection type is more sensitive than the

transmission type. For the entry window, MgF» or man-made silica is most often used.
Sb-Cs:

This photocathode is widely used in many applications. It has detection sensitivity
in the UV and visible regions. The resistance of the Sb-Cs photocathode is reduced
compared to that of the bialkaline photocathode. This allows a large current to flow in the
cathode, which is useful when the light intensity to be evaluated is comparatively

elevated. Sb-Cs is mainly used for reflection-type photocathodes [52,56].
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Bialkali (Sb-Rb-Cs, Sb-K-Cs):

Because two types of alkali metals are used in these photocathodes, they are called
"bialkaline" photocathodes. They provide improved sensitivity by obtaining a spectrum
response from the UV to about 700nm. The transmission characteristics of these
photocathodes have a spectrum response range that is comparable to that of the Sb-Cs
photocathode. However, they possess greater sensitivity and lower levels of dark current.
Nal (TI) is also a commonly employed photocathode for scintillation counting in radiation
measurements. Reflection-type bi-alkaline photocathodes employ identical materials,

however produced through distinct manufacturing methods.
High temperature, low noise Bialkali (Sb-Na-K):

It has the same structure as bi-alkaline photocathodes. While normal bi-alkaline
photocathodes can operate at around 50 degrees Celsius, Up to 175 degrees Celsius are
not a problem for this photocathode. This allows it to be used in places like oil wells,
where it is often exposed to high temperatures. Additionally, it enables the measurement
of low-level light, such as applications involving the counting of photons, in an

environment with little background noise.
Multialkali (Sb-Na-K-Cs):

A Multialkali photocathode is made using more than two kinds of alkali metals. It
operates with high sensitivity in the spectral response range from the UV region to the
region near 850nm. Because of this wide range, broadband spectrophotometers frequently
employ this photocathode. Multialkaline photocathodes with wavelength response up to

900nm are also commercially available.
Ag-0-Cs:

Photocathodes using Ag-O-Cs are sensitive to transmission between 300 and
1200nm, while they exhibit a slightly narrower reflection-type spectral response region
between 300 and 1100nm. Both reflection-type and transmission-type Ag-O-Cs

photocathodes are generally used for detection in the near-infrared region [52,56].
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GaAsP (Cs):

This conduction-type photocathode is a GaAsP crystal activated with a Cesium
atom. In the visible spectrum, it possesses an extremely high quantum efficiency and no
sensitivity in the UV region. Compared to alkaline photocathodes, it is more prone to
encounter problems. from sensitivity degradation when exposed to high-intensity incident

light.
GaAs (Cs):

This photocathode is used for both reflection-type and transmission-type
photocathodes and is a GaAsP crystal activated with a Cesium atom. This GaAs(Cs)
photocathode can sense light from UV to 900 nm and has a very sensitive spectral
response curve between 300 and 850 nm. The transmission type can only respond to a
smaller range of bands because it absorbs shorter ones. GaAs(Cs) photocathodes are more
likely to suffer sensitivity degradation when exposed to high-intensity incident light than

alkaline photocathodes.
InGaAs (Cs):

Compared to the GaAs photocathode, the InGaAs (Cs) photocathode works in a
range of wavelengths that goes into the infrared. In the 900-1000 nm region, it provides

a far superior signal-to-noise ratio than the Ag-O-Cs photocathode.
InP/InGaAsP(Cs), InP/InGaAs(Cs):

InP/InGaAsP(Cs) and InP/InGaAs(Cs) are field-assisted photocathodes that utilize
a PN junction formed by growing InP/InGaAsP or InP/InGaAs on an InP substrate. When
a bias voltage is applied to this photocathode, it lowers the transmission band barrier and
increases sensitivity at long wavelengths such as 1.4 mm or even 1.7 mm. When these
photocathodes are used at room temperature, they generate significant levels of dark
current. Consequently, they need cooling to temperatures ranging from -60C to -80C

when in operation.
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2.6.6 Window Materials of Photomultipliers

In the previous section on photocathode materials, which are the light-sensitive
materials used in the creation of photomultiplier tubes, we mentioned that the majority of
photocathodes have a high level of sensitivity extending to the UV area. Ultraviolet
radiation tends to be absorbed by the 'window material', a term used to describe the
material that forms the front face of the photomultiplier tube and determines the short
wavelength limit. Below are some of the window materials commonly used in

photomultiplier tubes today, with some explanations.
MgF2 crystal

Alkali halide crystals, while superior in transmitting ultraviolet radiation, are prone
to melting. In contrast, the practicality of Magnesium fluoride (MgF>) crystal shines
through. Its exceptional resistance to melting makes it a reliable choice as a window
material, allowing 'vacuum ultraviolet radiation ', a type of ultraviolet radiation that is not

easily transmitted through air, to pass through down to 115 nm.
Sapphire

Sapphire consists of Al,Os crystal and has a transmittance that falls between that of
UV-transmitting glass and synthetic silica in the ultraviolet range. Sapphire glass has a
wavelength cutoff of around 150 nm, which is significantly smaller than that of synthetic

silica.
Synthetic silica

Compared to 'fused silica ', a type of silica that is formed by melting high-purity
silica and then cooling it into a glass, synthetic silica has a lower absorption level in the
ultraviolet region and transmits ultraviolet radiation down to 160 nm. Silica has a very
different coefficient of thermal expansion compared to Kovar alloy used for the body pins
(tips) of photomultiplier tubes. This precludes the use of silica as a bulb body. Instead,
borosilicate glass is used for the bulb body. A graded seal, which is a seal with a varying
coefficient of thermal expansion, is then bonded to the synthetic silica bulb using a
cascade of glasses with varying coefficients of thermal expansion. This graded seal is

very fragile due to its additive structure, and this must be taken into account when using
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these tubes. Another point is that helium gas can pass through the silica bulb, which can
cause an increase in noise. Therefore, such tubes should not be operated or stored in the

presence of helium.
UV glass (UV transmitting glass)

UV glass, as its name suggests, is a remarkably versatile window material that
transmits ultraviolet radiation effectively. Its short wavelength segment extends up to 185
nm, demonstrating its adaptability and making it a reliable choice for a wide range of

applications.
Borosilicate glass

Borosilicate glass, often referred to as 'Kovar glass' due to its close coefficient of
thermal expansion to the Kovar alloy used in the ends of photomultiplier tubes, is the
most widely used window material. However, it does not transmit UV radiation shorter

than 300 nm, limiting its use for detecting radiation shorter than this wavelength.
2.6.7 Spectral response characteristics of Photocathode

In a photomultiplier, the photocathode converts the energy of the incident photons
into photoelectrons. The conversion efficiency of the photocathode (photocathode
sensitivity) depends on the wavelength of the incident light. This relationship between
the photocathode and the wavelength of the incident light, known as the spectral response
characteristic, is a crucial parameter that defines the performance of a photomultiplier

tube. It is expressed in terms of radiation sensitivity and quantum efficiency.

2.6.7.1 Radiation sensitivity

The photoelectric current produced by the photocathode divided by the incident
radiation flux at a given wavelength is called radiation sensitivity. The unit of radiant
sensitivity is amperes per watt (A/W). Relative spectral response characteristics, where

the maximum radiation sensitivity is normalized to 100%, are also suitable for use.
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2.6.7.2 Quantum efficiency

The quantum efficiency, a key performance indicator, is the ratio of the number of
photoelectrons emitted from the photocathode to the number of incident photons. This
efficiency, usually expressed as a percentage, is denoted by n. It's important to understand
that the photocathode plays a crucial role in this process, as it's where a specific
probability process occurs, leading to the emission of photoelectrons. The energies of
photons with shorter wavelengths are greater than those with longer wavelengths,
increasing the probability of photoemission. This explains why the maximum quantum
efficiency occurs at a wavelength slightly shorter than the wavelength of the highest

radiosensitivity. Quantum efficiency is defined as

number of photoelectrons

1) = _ (2.15)
) number of incident photons

2.6.7.3 Light sensitivity

A complex setup is required to measure the spectrum response of a photomultiplier
tube, which can be both expensive and time-consuming to set up. However, this precision
is crucial in our work, as it allows us to evaluate the sensitivity of standard photomultiplier
tubes in a more practical way, overcoming the potential disadvantages of this

measurement method.

The lux is the unit used to quantify the illuminance on a surface located one meter
distant from a point light source with an intensity of one candela (cd). A lumen is the unit
used to measure the luminous flux when one lux of light passes across an area of one
square meter. Luminous sensitivity refers to the ratio of the output current from the
cathode or anode to the luminous flux (measured in lumens) emitted by a tungsten lamp
operating at a dissipation temperature of 2856K. The light sensitivity value is a helpful
measure for evaluating the sensitivity of photomultiplier tubes of the same kind. It is
important to mention that the unit of luminous flux for conventional visual sensitivity is
called "lumen". Therefore, photomultiplier tubes that operate within the spectral range of

350 to 750 nm are not acceptable.

Luminous sensitivity is divided into two parameters: cathode luminous sensitivity,

which describes the performance of the photocathode in converting light into electric
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current, and anode luminous sensitivity, which describes the performance of the anode in
amplifying the electric current. Understanding these parameters is crucial for evaluating

the overall sensitivity of a photomultiplier tube.
2.6.8 Basic Characteristics of Dynodes

This section provides an overview of the common types of dynodes that are
currently being used. It also explains their key features, including collection efficiency
and current gain. In addition to the type of dynode, the photocathode size and focusing

method determine the electrical properties of a photomultiplier tube [57-61].

2.6.8.1 Dynode types and features

There are many types of dynodes available. Each dynode type has a different gain,
time response, homogeneity, and secondary electron collection efficiency depending on
its construction and number of stages. The application in which it will be used determines
which dynode type to choose. Figure 2.4 to Figure 2.11 show cross-sectional views of
typical dynodes. The characteristics of these dynode types will be briefly described
below. All drawings depicting the dynode types below are by Hamamatsu.

1. Circular-cage Type Dynode

The circular cage design offers the benefit of being small and is employed in all
side-on photomultiplier tubes and specific head-on photomultiplier tubes. Additionally,
it has a rapid time response. Figure 2.4 illustrates the cross-sectional views of circular-

cage type dynode.

Figure 2.4 Circular-cage Type Dynode
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2. Box-and-grid Type Dynode

This variety is widely employed in head-on photomultiplier tubes and has
exceptional photoelectron collection efficiency. Thus, photomultiplier tubes employing
this dynode provide excellent uniformity and high detection efficiency. Figure 2.5

illustrates the cross-sectional views of box-and-grid type dynode.
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Figure 2.5 Box-and-grid Type Dynode
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3. Linear-focused Type Dynode

Similar to box-and-grid types, head-on photomultiplier tubes frequently employ
linear-focused types. Its defining characteristics include rapid time response, high time
resolution, and exceptional pulse linearity. Figure 2.6 illustrates the cross-sectional views

of linear-focused type dynode.
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Figure 2.6 Linear-focused Type Dynode
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4. Venetian Blind Type Dynode

Venetian blinds are primarily utilized in head-on photomultiplier tubes with a
sizable photocathode diameter. They generate an electric field that readily accumulates

electrons. Figure 2.7 illustrates the cross-sectional views of venetian blind type dynode.
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Figure 2.7 Venetian Blind Type Dynode

5. Mesh Type Dynode

This variety of dynodes comprises mesh electrodes layered in close proximity. Two
varieties exist: coarse and fine mesh. Both devices exhibit exceptional output linearity
and strongly resist magnetic fields. When coupled with a cross-wire anode or multianode,
the location of the incident light can be determined. The main purpose of fine mesh types
is to support photomultiplier tubes in strong magnetic field applications. Figure 2.8

illustrates the cross-sectional views of mesh type dynode.

Electron
Electron

Coarse mesh Fine mesh
Figure 2.8 Mesh Type Dynode
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6. Microchannel Plate Type Dynode

This dynode structure is based on the one mm-thick microchannel plate (MCP). It
demonstrates significantly enhanced time resolution compared to alternative discrete
dynode structures. Additionally, it provides steady amplification in intense magnetic
fields and can detect location when used in conjunction with a certain anode. Figure 2.9

illustrates the cross-sectional views of microchannel plate type dynode.
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Figure 2.9 Microchannel Plate Type Dynode

7. Metal Channel Type Dynode

The dynode structure comprises very thin electrodes created using advanced
micromachining techniques and accurately arranged based on computer simulations of
electron paths. Due to the proximity of each dynode, the electron path length is concise,
which provides exceptional time characteristics and steady gain, even when subjected to
magnetic fields. Figure 2.10 illustrates the cross-sectional views of metal channel type

dynode.

Electron

Figure 2.10 Metal Channel Type Dynode
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8. Electron Bombardment Type Dynode

In this configuration, photoelectrons accelerate by applyinga high voltage
and collide with a semiconductor material. This collision results in the transfer of energy
from the photoelectrons to the semiconductor, leading to the generation of a gain. This
straightforward configuration exhibits minimal noise, remarkable uniformity, and
elevated linearity. Figure 2.11 illustrates the cross-sectional views of electron

bombardment type dynode.

Electron ]9

Figure 2.11 Electron Bombardment Type Dynode

2.6.9 R7761 Photomultiplier Tube

Hamamatsu single anode R7761 PMT, which was previously used for collecting
data in the CDF experiment at Fermi National Accelerator Laboratory (Fermilab)
[3,62,63]. As shown in the Figure 2.12 and Figure 2.13 R7761 PMT has 19 dynode stages
serving as secondary emissive electrodes in a fine mesh structure, and it has a length of

50 mm and a diameter of 39 mm with an operational window diameter of 27 mm [43].
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Figure 2.12 Dimension of Hamamatsu R7761 Photomultiplier Tube.
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Figure 2.13 Pin names and positions for Hamamatsu R7761 Photomultiplier Tube.
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2.6.10 Modes of Operation of Radiation

There are three general modes of operation of radiation detectors: mean square
voltage mode, current mode, and pulse mode. All detectors must be operated in pulse
mode when measuring the energy of radiation of individual quanta. Pulse mode is an easy
mode; thus, this mode is the most applied. In this mode, each quantum of radiation that
interacts with the detector is recorded. These kinds of applications are classified as
radiation spectroscopy. Radiation detectors produce data as pulse-type radiation and there
are some methods to use to extract information from this data. Already the aim is to
extract exact timing information about each data [23]. This process covers nuclear

electronics[1,64—67].
2.7 The Effects of High Voltage on PCB

It is classified as low voltage between 0 and 50 volts and high voltage between 1000
and 500000 volts. Since we use a voltage between 1700V and 2400V in this study, we
are working in the high voltage section. The effects of low and high voltage on the circuit
are very different. Therefore, we realized our design by considering the adverse effects
of high voltage during the circuit design process. Safety is a priority in our design process,
considering elements such as the number of layers, the type of board, and the shape of the

transmission paths and pads.

Today, the production of PCB boards that can withstand up to 40000 voltage values
has only been possible with the fulfillment of certain conditions. There are elements to
be considered in the design of these PCBs, which can be created up to approximately 40
layers. In our study, we preferred the FR4 board with a thickness of 1.6mm, which can
provide insulation up to approximately 40kV. As the number of layers increases in a PCB
with a certain thickness, the layers will approach each other, and the insulation feature
will decrease, so we realized our design in the two layers (top and bottom), which is the
lowest possible for our design. Since arcing between pins may occur at high voltage, we
used round designs instead of angular designs in both paths and pads. For the same reason,

we tried to make the soldering on the circuit in a round shape without leaving sharp edges.
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2.7.1 Width of the Current Path on the PCB

One of the elements we pay attention to in circuit design is the width of the
conduction trace. In order to determine the value of this width, the current passing through
that path must be found. Since different modes have different resistance values, separate
calculations must be made for each mode. In Mode 1, 1kQ and 660kQ resistors are added
to the chain of 19 330k( resistors, while only 1k€ resistors are added in Mode 2 and 3.
These modes represent different operating conditions of the circuit, and the calculations
help us ensure that the PCB can handle the current under these conditions. In this
calculation, where we try to find the current value, we will do it according to 2000V, the

optimum operating voltage of our PMTs. If the current calculation is made for Mode 1,

; B 2000V
Mode1 ™ 110 + 660k + 19 X 330k

= 0,000288A = 288uA

value is found. If calculated in the same way for Mode 2 and 3,

, 3 2000V
Mode 2and 3 — 1kQ + 19 x 330kQ

= 0,000319A = 319uA

value is found.

Equation (2.13) gives the expression for the amount of current passing through a
PCB depending on the width (W) of the current paths.

1
I C
X< Tb (2.16)

Rise

t X 1.378

For IPC-2221 external layers: k=0.048,b=0.44, c =0.725 where k, b, and c are constants
resulting from curve fitting to the IPC-2221 curves. The IPC-2221 standard is a generic
printed circuit board qualification and acceptance standard for PCBs/PCBAs. These
constants are derived from the specific characteristics of the PCB and the desired current-
carrying capacity. In the board design, we made the width of the tracks 1mm. The
specifications of our PCB board are FR4, 1 0z/ft?> Thickness, 25°C Ambient Temperature,
and 10°C Temperature rise (Tg;s0). When we substitute these values into equation (2.13),
it will be seen that the value of the current that can pass through 1mm wide tracks is 2.4A.

This value meets the 288uA and 319uA values we need.
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2.8 The Thermal Voltage (Boltzmann Constant)

In semiconductors, the Shockley diode equation, which governs the relationship
between electric current flow and electrostatic potential across a p-n junction, is heavily
influenced by a characteristic voltage. This voltage denoted by Vr, is thermal voltage, a
crucial parameter in semiconductor physics. The thermal voltage is directly proportional

to the absolute temperature T, as expressed in the equation below:

V. = (2.17)
" g
Here, q is the magnitude of the electric charge on the electron, and its value is
1.602176634x107" C, and k is the Boltzmann constant defined to be precisely
1.380649x10%* J/K.

At room temperature 300 K (27 °C; 80 °F), substituting these values into equation

2.17 , we can calculate the thermal voltage, V;, to be approximately 25.85 mV.

_ kT _ 1.380649 x 1072*[J/K] x 300 K

— 2.18
r= = oI5 = 25.85 mV. 2.18)

We adopted this value as the reference for the —30mV threshold applied in our
measurements throughout this study to veto the background signal in the room

temperature.

2.9 Conclusion

In this chapter, after giving general information about radiation, various types of
radiation are explained. The types of detectors used in particle detection are mentioned.
After an overview of other types of detectors, we talk about photomultiplier tube
detectors, which are the focus of our research. We explain the components and working
principle of photomultiplier tubes. We describe the parameters that shape the spectral
response characteristics of a photocathode. Finally, the technical specifications of the

R7761 PMT we used in our study were discussed.
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Chapter 3

Methods and Materials

3.1 Introduction

In this chapter, we describe in detail the preparation phase of the testing process,
which is a crucial step in our thesis. This stage includes a series of procedures planned
and implemented to ensure the accuracy and reliability of our results. This chapter
explains the Secondary Emission lonization (SE) Calorimetry technique. It also describes
the design and fabrication of the electronic board for the operation of the R7761
photomultiplier detector. The simulation explains the differences between the design of
manual and remote-controlled electronic boards. Finally, the operating modes are shown
through screenshots of the computer interface program that controls the remote-control
board via computer. In addition, we analyze the voltage-dependent signal size, dark

current and gain measurements of the PMT we use.
3.2 Secondary Emission Ionization (SE) Calorimetry

Calorimetry in nuclear systems involves the utilization of methods to accurately
measure the energy of particles by absorbing them in a material medium. Calorimetry
plays a vital role in contemporary high-energy, nuclear reactors, and nuclear physics
experiments. Recent advances in nuclear reactors and accelerators demand higher levels
of performance from nuclear instrumentation systems in radiation hardness, higher
luminescence, resolution, and speed. For this goal, the secondary emission ionization

calorimetry has recently been introduced.

The PMT materials are known to be radiation-hard, but there are currently no
commercially available SE modules specifically designed for this purpose (and not

common) to use as secondary emission ionization calorimetry in high radiation
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environments. To illustrate the SE process in the dynode chain and the potential
application of such detectors in calorimetry, the biasing modes of PMTs will be modified.
These modifications are related to the arrangement of the voltage dividers of the
baseboard circuits. The photomultiplier tube with modified bases (known as using SE
mode of operation) can be used as a secondary emission detector module in a secondary
emission calorimeter prototype. The study will focus on the technical design of various
operating modes and the characterization measurements of both secondary emission
modes and the regular PMT mode. For this aim, Hamamatsu single anode R7761 PMTs

will be characterized for use in a secondary emission ionization calorimetry study.

Secondary Emission lonization calorimetry is a new technique used to measure
electromagnetic shower particles in environments where radiation is extremely high. This
technique is based on the ability to use the first dynode as a photocathode in order to
continue the measurement of radiation in the event that the photocathode exposed to high

radiation is disabled by burning.

3.3 Manual-Controlled Electronic Board Design for
R7761 PMTs

3.3.1 Manual-Controlled Schematics Design for R7761 PMTs

The dynamic behavior of the photomultiplier tube will be modeled in Spice
environments to simulate the electron multiplication between inter-dynode stages [68].
Proteus software has been used to design the schematic and PCB layout [69]. A general
PMT Spice model based on a Hamamatsu PMT (e.g., R7761) system parameters will be
developed. The goal of the model is to analyze different divider circuits (namely, uniform
and tapered). The simulation results will be compared with the experimental results

provided in the literature.

Operation of the R7761 photomultiplier tube requires a voltage source of at least -
1700 V and a voltage divider circuit to allocate this voltage to the PMT's dynodes
appropriately. In order to get high efficiency from the PMT, providing the appropriate
voltage to the dynodes is mandatory. Since it is not economical or feasible to supply each

dynode with a separate voltage source, a voltage divider circuit is necessary. Therefore,
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a voltage divider circuit is usually used to supply the appropriate voltage to each dynode
of the PMT, and a high-voltage power supply is used to feed this circuit. A stable voltage
from the high-voltage source is crucial for the proper operation of the PMT. Since
photomultiplier tubes have a very high sensitivity, they must be protected from light
sources other than the radiation to be measured. Otherwise, high noise is generated, and
signal acquisition becomes impossible. Using a sheath to protect it from magnetic fields
prevents noise in the PMT. Due to the high number of PMT dynodes, such as R7761,
capacitors are added to these dynodes to prevent the voltage drop between the dynodes
near the anode. We added a 22nF decoupling capacitor to the last five dynodes of the
voltage divider board we designed. Figure 3.1 shows the schematic diagram of the
secondary emission voltage divider for R7761. The circuit schematic shows the

baseboards that power and read data from a single PMT in the SE module.

— R7761

aaaaa

Figure 3.1 Schematic diagram of the secondary emission voltage divider for R7761
PMTs.

3.3.1.1 Circuit Voltage Divider for 3 Modes

There are three different modes of operation for the baseboards of R7761 single-
anode PMTs. Mode 1 and Mode 2, both with high voltage input on HV1 and Mode 3 with

high voltage input on HV2. For data collection, ammeters and oscilloscopes will be used.

Mode 1: Normal divider or traditional (PM) mode: JP1 switch is closed. As shown
in Figure 3.2, the voltage divider chain is unchanged and the potential difference gotten
across the dynodes is equal, except for the 2 times potential across the Cathode-Dy1 gap.

This is a reference design by Hamamatsu [4].
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Figure 3.2 Schematic diagram of the secondary emission voltage divider for R7761
PMTs for Mode 1

Mode 2: Cathode-first Dynode shorted: In this mode JP2 switch is closed. As

shown in Figure 3.3, the bridging of the R1 resistor is enabled, and the potential across

the Cathode-Dy1 gap is 0 volt.
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Figure 3.3 Schematic diagram of the secondary emission voltage divider for R7761
PMTs for Mode 2

Mode 3: Cathode separated/independent/float mode: By closing the JP3 switch, the
cathode is isolated from the rest of the divider chain. As shown in Figure 3.4, a second
voltage input to the baseboard allows for the voltage present on Dyl. In this mode, if

there is no second high voltage source, the photocathode may still charge.
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Figure 3.4 Schematic diagram of the secondary emission voltage divider for R7761
PMTs for Mode 3
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3.3.2 PCB Design, Manufacturing and Assembly of Manual-
Controlled Board

A PCB, or Printed Circuit Board, is a flat board made up of copper sheets that have
been etched and bonded onto a non-conductive base. It has lines, paths, tracks, and pads
that link different spots on the board. These lines allow the routing of power and

communications between actual devices.

A PCB layout of the manually controlled R7761 photomultiplier tube is shown in
Figure 3.5. Figure 3.6 shows a three-dimensional representation of this schematic. Figure
3.7 shows the printed circuit board with all the soldering and assembly processes done.
Two high voltage inputs are provided with SHV connectors while BNC connectors were
used for the signal. As can be seen in the photo, the photomultiplier detector was wrapped

with a light-impermeable foil and then taped with insulating tape to protect it from light.

ANODE _SIGNAL
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R12

Figure 3.5 PCB layout view of top side (left) and bottom side (right) for manual
controlled R7761 type Photomultiplier tube.
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Figure 3.6 3D view of top side (left) and bottom side (right) for manual controlled
R7761 type Photomultiplier tube.

Figure 3.7 Image of the electronic board with all soldering and assembly processes
completed.
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3.4 Remote-Controlled Electronic Board Design for
R7761 PMTs

3.4.1 Remote-Controlled Schematics Design for R7761 PMTs

This section will explain in detail how the high voltage supplied to the voltage
divider circuit that drives the PMT is done for the three modes. Figure 3.8 shows the
schematic diagram of the SE voltage divider circuit for remote-controlled R7761
photomultiplier tube. This circuit schematic shows the baseboards that power and read

data from a single photomultiplier tube.

Understanding the high-voltage application points in the voltage divider circuit that
drives the PMT is crucial. The only change for the different modes is the points at which
the high voltage is applied to the circuit. So, three different high-voltage application
points exist for the three modes. In the first mode, the high voltage is applied to the
photocathode through a lkohm resistor and to the first dynode through a 660kohm
resistor. In the second mode, the high voltage is applied directly to the photocathode and
the first dynode through a 1kohm resistor. Finally, in the third mode, the photocathode
was utterly disabled, and the high voltage was applied directly to the first dynode through
a lkohm resistor. In all three modes, the applied voltage value gradually decreases after
the first dynode point in the voltage divider circuit since the resistances are equal until it

is divided equally and reach OV at the anode.

Figure 3.8 Schematic diagram of the SE voltage divider circuit for remote-controlled
R7761 photomultiplier tube.

The selection of relays for the high-voltage control circuit was not arbitrary. We
meticulously chose them to ensure the circuit's performance. Relays were chosen for their
affordability, accessibility, ease of control, and reliability as electronic circuit elements.

Since the DC coil that switches these relays on and off operates with a nominal voltage
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of 24V, these relays cannot be directly controlled with the Arduino, which can output 5V.
One solution to overcome this problem is to use suitable transistors between the Arduino
and the relays. The schematic connections of the relays and transistors are given in Figure
3.9 . The right transistor was chosen based on the nominal voltage and coil resistance of
the relay we are using. This means that we need to supply the electronic circuit board
externally with 24VDC to operate the relays. The 24V entering the DC coil of the relay
will be connected to the collector of the transistor at the other end of the coil and reach
the ground via the emitter. Therefore, the Collector-Emitter Voltage of the transistor must
be more than 24V and the Collector Current (Continuous) must be more than 22.5mA.
For the 2N3904 npn transistor we use, the Collector-Emitter Voltage value is 40V, and

the Collector Current (Continuous) value is 200mA, so it easily meets the desired values.
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Figure 3.9 The schematic connections of the relays and transistors in detail.

As mentioned above, since it is impossible to drive a relay with a 24V operating
voltage directly with Arduino, it is necessary to put a suitable transistor in between.
Depending on the value of the current in the Base leg of the transistor, the amount of
current in the Collector leg changes. One factor that determines the value of the current
in the Base leg is the value of the resistor connected to the Base leg. In our simulation
studies, we can obtain the desired values when we connect a 1k ohm resistor to the Base
leg. Figure 3.10a is the transistor-relay schematic, and the simulation result of this

schematic is shown in Figure 3.10b. As shown in Figure 3.10b, the current flow in the
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coil of the relay connected to the collector leg of the transistor is 0.0227702A = 22.8mA.
This value provides the 22.5mA value required for the relay to create a sufficient magnetic

field to perform the switch function.

DC Source (V)
a) VALUE=24 \—/=

| | l RELAY
24V

Arduino Uno Pin (V) . )
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L1, O

1
——J
1k

2N3904 Transistor

b) DC Source (V)
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Current in Relay Coil (A)
@ 7 1=0.0227702

| | l RELAY
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Arduino Uno Pin (V) . )
VALUE=5 Current in Transistor Base (A)

«'—.ﬂ. CAD/G 1=0.0041962
1k

Figure 3.10 Relay and Transistor simulation result a) when switch OFF b) when switch
ON.

To compare the simulation result with the analytical solution, let us analyze the
circuit using the schematic given in Figure 3.11. From V¢c through C and E to GND, the

equation becomes:
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VCC_ICXRC - 0
If we substitute their values:
24V — I, x1kQ =0

is found. If we subtract I from here, I = 24mA is found. This value is close to the

22.8mA value obtained as a result of simulation.

For the current starting at 5V and ending at GND via B and E, the equation

becomes:

5V—1Ig X R —Vgg =0.
If the values are substituted,

5V—-I x1kQ —-0.7V=10

is found. If we subtract Iy from this equation, then Iz = 4.3mA is found. It is seen that

this value is close to the 4.2mA value obtained as a result of simulation.

V., = 24V
Ic

R.|| 10500

C
R
LF . — B, [ 2N3904
Is 1k :
— GND

Figure 3.11 Equivalent circuits drawn for solving the current values I and Ig in the relay
and transistor circuit diagram by analytical method.
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A potential problem in this design was also addressed: When the voltage applied to
the relay is switched off, the field induced on the DC winding may cause reverse currents
and cause the transistors to fail after a while. This problem was solved by connecting a

diode in parallel to the two legs of the DC winding.

The on/off combinations of transistors by mode, as presented in Table 3.1, were not
randomly chosen. This strategic design can be created in different ways. The electronic
board design we made was created according to the combination given in Tablo 3.1.
According to this design, all transistors must be in the LOW (deactivated - not energized)
position for the first mode to be active. This choice was a preferential choice. Because
the first mode is the basic mode, it eliminates the need to actively control the electronic
board to operate in this mode. The second and third modes require active control of the
circuit. For the second mode to be active, the first and third transistors must be LOW, and
the second transistor must be HIGH (activated-energized). Finally, for the third mode to
be active, the first and third transistors must be high. In this mode, whether the second

transistor is LOW or HIGH does not change the circuit.

Table 3.1: Transistors combination for modes.

MODE 1 MODE 2 MODE 3
TRANSISTOR 1 LOW LOW HIGH
TRANSISTOR 2 LOW HIGH LOW/HIGH
TRANSISTOR 3 LOW LOW HIGH

3.4.2 PCB design, Manufacturing and Assembly of Remote-Controlled
Board

A PCB layout of the remote controlled R7761 photomultiplier tube is shown in
Figure 3.13 and Figure 3.14. Figure 3.15 represents a three-dimensional representation of
this schematic. Figure 3.12 shows the printed circuit board with all the soldering and
assembly processes done. Two high voltage inputs are provided with SHV connectors
while BNC connectors were used for the signal. As can be seen in the photo, the
photomultiplier detector was wrapped with a light-impermeable foil and then taped with

insulating tape to protect it from light.
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Figure 3.12 Image of the remote-controlled electronic board with all soldering and
assembly processes completed.
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Figure 3.13 Top and Bottom side PCB layout of the remote controlled R7761
photomultiplier tube.
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Figure 3.14 Top (left) and Bottom (right) side PCB layout of the remote controlled
R7761 photomultiplier tube.
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Figure 3.15 3D view of the top and bottom, respectively, for the remotely controlled
R7761 type Photomultiplier tube.

The test process with the remotely controlled card used for radiation measurements
is given in Figure 3.16. The board module is ready for testing by soldering circuit
elements to the electronic board and covering the photomultiplier tube with a light-proof
foil. Two voltage sources are connected to the module: first, a high voltage connected to
the cathode of the photomultiplier tube, and second, a 24V voltage source connected to
the DC coil of the relays. The relays are controlled by an Arduino Uno computer through
a serial connection, with an interface written for this study. The signal from the anode of
the photomultiplier is transferred to the oscilloscope via a BNC connector. The data
obtained by collecting a sufficient number (40k-140k hits) of signals triggered at -30mV

is transferred to the computer environment, and graphs are drawn.
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Figure 3.16 Graphical design of an experimental process for characterization and
analysis with the remote-controlled board for Co-60 Gamma ray source.

3.4.3 Graphical User Interface for Remote-Controlled Board

The Arduino Uno board was used to turn on and off the relays used to operate
different modes on the remote-controlled card [70]. The open-source electronics platform
Arduino consists of simple hardware and tools. Arduino boards can interpret input signals
and convert them into corresponding output signals. Arduino was coded in C++, and the
code used is given in Appendix B. Arduino was connected to the computer via serial
communication. The graphical user interface (GUI) program for controlling the modes
was written in C#, and the C# code of the program is given in Appendix A. The screenshot

of the main page and the modes are given in Figure 3.17.
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Figure 3.17 The screenshots of main (left top) and modes windows of the remote-
controlled board’s GUI.

3.5 Signal Characterization of the PMT Mode

The strength of the signal received from the PMT varies according to the value of
the applied voltage. Notably, the signal size increases within a specific operating voltage
range as the applied voltage increases. Figure 3.18 shows the signal size of the cosmic
background for 1800V, 2000V, and 2200V, while Figure 3.19 shows the signal size of
Co-60 Gamma radiation. These signal sizes variations are given in Table 3.2. The signal
sizes of the PMT mode are increasing with the increasing voltage for both cosmic and

gamma radiation, as expected.
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Table 3.2: Approximate signal sizes of cosmic background and Co-60 Gamma

radiation for 1800V, 2000V and 2200V voltages applied to the PMT

1800V 2000V 2200V

Cosmic Background 44.0 46.0 61.7
Co0-60 Gamma 359 49.4 78.8

20T Cosmic 2200V 7

Cosmic 2000V

Signal Size (mV)

Cosmic 1800V

60 L -
] 1 | 1 ] ! ] 1 |

200  -100 0 100 200 300 400
Time (ns)

Figure 3.18: Pulse shapes of cosmic background radiation for 1800V, 2000V and
2200V voltages applied to the PMT.
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Figure 3.19: Pulse shapes of Co-60 Gamma radiation for 1800V, 2000V and 2200V
voltages applied to the PMT.
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Figure 3.20 shows the linearization graph of the signal size corresponding to
1800V, 2000V, and 2200V values for both cosmic background and Co-60 Gamma

radiation.
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Figure 3.20: Linearization graph of R7761 photomultiplier tube

3.6 Dark Current Measurement of the Used PMT

Photomultiplier tubes are designed to detect very small amounts of light and
current. To achieve this, the PMT must be operated in complete darkness. Even in such a
controlled environment, a small amount of current, known as dark current, flows through
the PMT. It is crucial to keep this dark current as minimal as possible, as it significantly
affects the PMT's performance. The measured dark current values for all different
voltages are below 1 nano-amperes (nA), which shows that they all have low dark
currents. The dark current graph measured at 1500V, 1800V, 2000V, and 2200V is shown
in Figure 3.21 [43]. In most PMTs, the dark current typically remains within a few nA.
Despite its very small magnitude, dark current significantly influences the PMTs
detection performance due to background noise. The well-known sources of dark current
are thermionic emission of electrons, leakage of current, emitted electrons, and ionization
of residual gases. Notably, dark current is highly sensitive to the application of high

voltage, as shown in Figure 3.21.
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Figure 3.21: Dark current graph of the PMT as a fuction of the applied voltages.

3.7 Gain Measurement of the Used PMT

Current amplification or gain (p) in photomultiplier tubes is expressed as in

Equation 3.1.
4 = A x ERn (3.1)

Here, p is the gain, A is a constant, E is supplied voltage, k is a constant determined
by electrode structure and material, and n is the number of dynode stages. As seen in Eq.
3.1, the gain u is proportional to the power k X n of the supply voltage. R7761
photomultiplier tubes with 19 dynodes have a high gain, 10°-10°. This high gain
significantly amplifies the sensitivity of the tube to the applied high voltage. For one
percent of the output stability of a photomultiplier tube, the power supply stability must
be kept within 0.1 percent. This means that a PMT's gain is sensitive to changes in the
high-voltage power supply, such as drift, ripple, temperature stability, input regulation,
and load regulation. The gain graph of the PMT measured at 1500V, 1800V, 2000V, and
2200V is shown in Figure 3.22 [43]. All modes demonstrate stable operation, with mode

1 and Mode2 exhibiting particularly good linear gain in response to applied voltages.
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In general, the dark current and gain distributions of the R7761 PMTs used for CDF

experiment at Fermilab can be found in the reference [4].
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Figure 3.22: The gains of all three modes of the PMT as a function of the applied
voltages.

3.8 Conclusions

In this chapter, we describe the preparation for the radiation testing process, which
was essential to ensure the accuracy and reliability of our results. After explaining the
Secondary Emission Ionization (SE) calorimetry technique, the design and fabrication of
the electronic board for the operation of the R7761 photomultiplier detector was
explained. The results obtained by simulation explained the differences between the
design of manual and remote-controlled electronic boards. Finally, the operating modes
were demonstrated through screenshots of the computer interface program that controls
the remote-control board through the computer. The codes for this program are given in
Appendixes A and B. In addition, we analyzed the voltage-dependent signal size, dark

current and gain measurements of the PMT we used.
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Chapter 4

Results and Discussion

4.1 Introduction

In this chapter, we give the technical background for the experimental process and
then explain the testing process and the measurements we have obtained, showing them
on graphs. First, we give detailed information about the studies carried out to solve
problems in particle detectors operating in high-radiation environments. Then, we discuss
one of these solutions, the secondary electron calorimeter. Then, the electronic boards
designed and manufactured for the thesis is be tested with the R7761 photomultiplier
tube. Finally, the data obtained from our tests with cosmic background radiation and

gamma rays are presented and interpreted with graphs.
4.2 Particle Detectors in High Radiation Environments

Particle detectors and calorimeters for high radiation environments are
sophisticated instruments that measure and analyze subatomic particles [23-25,67,71].
These particle detectors and calorimeters play a significant role in various fields, such as
particle physics, high-energy physics, nuclear physics, medical physics, and space
applications [6]. Due to the increasing instantaneous luminosity and unprecedented
radiation conditions at particle physics and high-energy physics accelerators, the demand
for precision, robustness, and reliability in radiation-resistant particle detectors and

ionization calorimeters remains paramount.

Scintillation calorimeters operating in high radiation environments are exposed to
high radiation levels due to the increased brightness and collision energy, and this
radiation may cause damage to the photocathodes of the calorimeters. Experimental

groups previosuly reported the effects of radiation damage on the operational
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performance of detectors [72—74]. Although there is a real need to develop low-cost,
radiation-resistant calorimeters, studies on this subject matter are very limited. To solve
this problem, Albayrak et al. and Bilki et al. developed a design based on the principle of
Secondary Emission (SE) that will act as a radiation-resistant calorimeter [3,75,76].
Secondary emission ionization calorimetry emerges as a promising frontier, offering
enhanced performance in energy resolution and radiation hardness compared to
conventional detection techniques [3,5,65,76]. SE calorimeters employ sheet-type or
mesh-type transmission dynodes as their dynamic detection medium. In this system,
hadronic particles trigger secondary electrons directly from arrays of the dynodes,
interacting with the sampling or absorption medium. Eventually, the emitted electrons go

through amplification between downstream dynodes and reach the anode [2-5,22,76,77].

Photons incident on a Photomultiplier Tube (PMTs) detaches photoelectrons from
the photocathode. Then, the detached photoelectrons are accelerated by an electric field
applied between the photocathode and the first dynode, which impacts the first dynode
and causes multiple electrons to be knocked out. These secondary electrons, increasingly
detached from the first dynode, are again accelerated by an electric field applied between
the first and the second dynode and intrude on the second dynode. This process is repeated
as many times as the number of dynodes and finally reaches approximately 10° electrons
at the photomultiplier tube’s anode. For this process to occur, one or more photoelectrons

must be removed from the cathode of the PMTs [2,4,6,71,76,77].

The SE photocathode consists of a metal oxide thin film similar in structure to the
dynodes of PMTs. Many photocathodes are made of semiconductor compounds
containing alkali metals with low work function values, such as Cs-I, Cs-Te, Sb-Cs, and
GaAs [43]. The photocathode of a PMT is usually burned out under high-radiation
exposure, so primary photoelectrons cannot be generated, and no signal is received from
the anode. The working principle of the SE module is based on generating primary
electrons from the first dynode to form a secondary electron array when the photocathode
is disabled during the operation. [2,3,43,76,77]. This SE module is also useful for
measuring the energy of electromagnetic shower particles interacting with the cathode and
dynode materials. In this case, without using scintillators for calorimeters, high energetic

particles are detected, and their energy is measured.
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Here, we investigated three different voltage configurations for the newly developed
SE module and the characterization tests were conducted by using cosmic and gamma
radiation sources. Through design and testing, the performance of SE modules under such
conditions holds significant importance in developing the frontier of particle detectors and

ionization calorimeters.
4.3 Technical Design

In this study, the SE modules were modified from conventional PMTs. The main
difference of the SE module is that the photocathode and the entire dynode chain are used
as SE surfaces for signal acquisition. The construction of the SE module resembles that
of the PMT, although with modifications. The difference between the SE module and the
PMT lies in its ability to utilize the entire dynode chain as an SE surface for signal
acquisition instead of the photocathode, which loses its function. While the most
significant signal is initially generated in the photocathode, functioning optimally, it
undergoes amplification at the first and continuous dynodes. Therefore, in the new design,
the SE modules are sensitive not only to photons but also to electromagnetic and hadronic

particles [3,5].

This integrated approach allows for a comprehensive study of signal acquisition
and sensitivity in different voltage conditions, shedding light on the performance of SE
modules under cosmic and gamma radiation sources. The prototype SE module was
assembled using a Hamamatsu single anode R7761 PMT, which was previously used for
collecting data in the CDF experiment at Fermi National Accelerator Laboratory
(Fermilab) [3,62,63]. The R7761 PMT has 19 dynode stages serving as secondary
emissive electrodes in a fine mesh structure, and it has a length of 50 mm and a diameter
of 39 mm with an operational window diameter of 27 mm. This prototype was tested with
cosmic and gamma rays. Figure 4.1 shows an image of the first SE module. An electronic

board was specifically designed and fabricated for the first SE module, as shown in Figure
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3.1, which displays the circuit diagram of the electronic board that powers a single PMT

and reads the signal from its anode.

Figure 4.1 An image of the developed SE module with electronic board on insulated
film in dark box.

Three distinct modes of operation are made available for R7761 PMTs on the baseboard.

The details of these modes are mentioned below.

4.3.1 First Mode

In this mode, also called normal divider mode, the scheme of the photomultiplier
voltage divider circuit is preserved. The first mode is activated by closing the JP1 switch
and opening the JP2 and JP3 switches as shown in Figure 4.2. Only the resistance between
the photocathode and the first dynode has twice the value of the resistances in the voltage
divider circuit chain. Since the resistances between subsequent dynodes are equal, the
potential difference of the dynode chain is equal. This schematic is based on the
Hamamatsu reference design. Cosmic ray measurement tests showed that the first
measurable signals from the R7761 PMT started at around —1700V (DC), but the
optimum measurement voltage for the three modes was observed at around —2000 V.
Therefore, the simulation was carried out by supplying —2000 V to the voltage divider
circuit. According to the PSPICE-based simulation for a voltage value of -2000V, -
1999.71 V at the photocathode, -1809.37 V at the first dynode, and approximately 95V
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between each dynode in the sequential dynode chain, dropping to 0 V at the anode. The
reason for measuring -1999.71 V at the photocathode is due to the 1 kQ resistor connected
between the high-voltage power supply and the photocathode. The voltage difference
between the photocathode and the first dynode is predicted to be 190V, about twice the
value of 95 V in the dynode chain.

—g PMT (R7761) i

JP2

Mode2
JP3

zzzzz

R22
K

2000V

Figure 4.2 Schematic circuit diagram of the SE voltage divider for R7761 PMTs for
Mode 1.

4.3.2 Second Mode

There is a 660 kQ resistor in the first mode between the photocathode and the first
dynode, resulting in a potential difference between the photocathode and the first dynode.
This resistance is removed in the second mode, and the photocathode and the first dynode
are directly connected (short-circuited). This mode is created by closing the JP2 switch
and opening the JP1 and JP3 on the electronic circuit board as shown in Figure 4.3.
Therefore, there is no potential difference between the photocathode and the first dynode,
so the voltage values at these two points are the same. When —2000 V is applied in the
voltage simulation, -1999.68 V is observed at these points. Due to a 1 kQ resistor
connecting between the high voltage source and the connected photocathode-first dynode
node, the voltage drops about 0.32 V. In the dynode chain after the first dynode,
approximately 105.25 V drops between each dynode, reaching 0 V at the anode.
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Figure 4.3 Schematic circuit diagram of the SE voltage divider for R7761 PMTs for
Mode 2.

4.3.3 Third Mode

Unlike the first and second modes, the photocathode is wholly deprived of voltage
in the third mode. In this mode, which requires a second power supply to be connected to
the circuit, the dynode chain must be separated from the photocathode and fed by this
different high-voltage source. This mode was created by turning on switches JP1 and JP2
on the electronic circuit board and turning off switch JP3. In this mode, the voltage value
will be 0 V because the photocathode is disconnected from the voltage divider circuit, but
there are two cases for the voltage of the first dynode: -1810 V in the first mode and —
2000 V in the second mode as shown in Figure 4.4 and Figure 4.5. The voltage value of
the other dynodes in the voltage divider circuit is the same as in the first mode for —1810

V and in the second mode for —2000 V.
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Figure 4.4 Schematic circuit diagram of the SE voltage divider for R7761 PMTs for
Mode 3 at -2000V at first dynode.
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Figure 4.5 Schematic circuit diagram of the SE voltage divider for R7761 PMTs for
Mode 3 at -1810V at first dynode

4.4 Experimental Setup

Before proceeding with the radiation tests, we performed characterization tests on
the voltage divider electronic board. First, voltage jumps, or short circuit situations were
tested since they use high voltage. Problems were observed in the circuit due to the high
voltage, and the necessary isolations were made. After determining that the board had no
problem by using proper equipment, the SE module was developed by soldering the
photomultiplier tube to the electronic board. The photomultiplier tube was covered with
light-insulating foil and black insulating tape to prevent light entering the tube. The PMT
module was also wrapped in light-insulating foil and placed in a dark box. All

measurements were performed in such an environment, which can be seen in Figure 4.6.

Figure 4.6 Experimental setup for cosmic and gamma radiation tests
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The module was then connected to a high-voltage source, and voltage was gradually
applied from 0 V up to -2000 V, where we obtained a clear signal. We first conducted
cosmic background radiation tests before moving on to gamma-ray testing. The
measurement scheme for the cosmic ray test is shown in Figure 4.7 and the measurement

scheme for the gamma test is shown in Figure 4.8. The results of these tests are used to

distinguish and compare the radiation from gamma rays.

VAV AV VAV AVe
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Figure 4.7 Graphical design of experimental process for characterization and analysis
for cosmic rays.
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Figure 4.8 Graphical design of experimental process for characterization and analysis
for Co-60 Gamma rays source.

The photodetector tube module, powered by a negative high-voltage power supply,
was connected to an oscilloscope, and triggered at —30 mV as shown in Figure 4.6. Since
the secondary electrons generated in each mode occur at different frequencies, the
measurements were taken based on a specific time interval. The signal collected by the
scope was taken in the fast-frame mode of the oscilloscope, and in each mode, we made
sure that the sum of the signal received was stable. This result was achieved by recording
in between 1k-110k hit (kh) events depending on the mode and radiation source. The data

recorded on the oscilloscope were transferred to the computer, and graphs were obtained.
4.5 Experimental Results

All three SE module modes were tested with cosmic background radiation and a
Co-60 (3.7 MBq) gamma radiation source. For each test, the same experimental setup

was used, and the experimental data were taken at room temperature.
4.5.1 Cosmic Background Radiation Results

The new module in three different setups is tested with cosmic radiation in a
darkbox at our lab at room temperature. Figure 4.9 to Figure 4.14 shows the normalized

waveform results of all three modes. For the cosmic radiation test, -30 mV threshold was
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applied for all 3 modes, and 40kh events, 8kh events, 1kh events were taken in the fast-
frame mode of the oscilloscope for Mode 1, Mode 2, Mode 3 at —1810 V, and Mode 3 at
—2000 V, respectively. All three modes were powered at negative 2000 V and all the
acquired data in waveform (WFM) and comma-separated values (CSV) format were
comprehensively analyzed. In Figure 4.9, the 10mV offset was due to the setting of the
oscilloscope. As shown in Figure 4.9, Mode 1 and Mode 2 have significant signal sizes
as compared to Mode 3, which is due to the cosmic particle interactions. The approximate
signal sizes: ~70 mV for Mode 1, ~65 mV for Mode 2, ~8 mV for Mode 3 at —1810 V
and ~15 mV for Mode 3 at —2000 V. This shows that Mode 3 is not responsible for cosmic
radiation even at high voltages. The reason is that the photocathode is fully excluded from
the voltage-divider chain, so the cosmic interaction's surface area decreases significantly.
As expected, the signal width of Mode 2 is wider than Mode 1 because in Mode 2 both
photocathode and first dynode are shorted. This causes an after-pulse addition to the

primary signal due to cosmic interactions with photocathode material.
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Figure 4.9 Cosmic background radiation test results for all three modes.
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4.5.2 Co0-60 Gamma Radiation Results

All three modules were also tested for Co-60 gamma radiation. A -30mV threshold
was uniformly applied for all 3 modes. Afterward, event counts of 110kh, 130kh, 50kh,
and 90kh were obtained in the fast-frame mode of the oscilloscope for Mode 1, Mode 2,
Mode 3 with bias voltage of —1810 V, and Mode 3 with a bias voltage of -2000 V,

respectively.

As demonstrated in Figure 4.10, Mode 1 and Mode 2 exhibit comparable signal
sizes in contrast to Mode 3 for gamma radiation detection. The approximate signal sizes
are as follows: ~63 mV for Mode 1, ~46 mV for Mode 2, ~43 mV for Mode 3 at —1810
V and ~47 mV for Mode 3 at —2000 V.
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Figure 4.10 Co-60 gamma source test results for all three modes.

Figure 4.11 shows the compared cosmic background and Co-60 gamma radiation
response of Mode 1, which reveals significant variations in signal characteristics between
background and gamma radiation. The background signal demonstrates a width of 58 ns
and the full width at half maximum (FWHM) is 23 ns. The gamma radiation signal shows
a narrower width of 14 ns and an FWHM of 8 ns. The wider width of the background
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signal is attributed to the flux of the higher energetic cosmic particles forming the

background radiation.
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Figure 4.11 Cosmic background and Co-60 gamma source radiation test results for
Mode 1.

Figure 4.12 compares the signals in Mode 2 as a response to cosmic radiation and
the Co-60 gamma radiation. It shows the background signal's width is 680 ns and the
FWHM is 53 ns, while the gamma signal's is 20 ns and the FWHM is 7 ns. Such a detector
system is not desirable for measuring cosmic background radiation because the
background signal width is too broad, even though it gives a high peak value. The short-
circuiting of the photocathode and the first dynode in the Mode 2 design causes the
surfaces forming the secondary electrons to grow. This leads to the formation of a broad
tail behind the peak. The gamma radiation peak is lower than the cosmic radiation peak
but shows a steep peak. This indicates that our new detector system functions well for

electromagnetic interactions.
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Figure 4.12 Cosmic background and Co-60 gamma source radiation test results for
Mode 2.

Figure 4.13 shows the cosmic background compared to the Co-60 gamma radiation
response of Mode 3 at —1810 V. Figure 4.14 illustrates the cosmic background and Co-
60 gamma radiation response of Mode 3 at —2000 V. As mentioned above, two conditions
determine the voltage value of the first dynode: first, the value of-1810 V in Mode 1 and
—2000 V in Mode 2. Measurements were taken for these two voltage values in cosmic
background and gamma radiation tests. These measurement results are given in Figure
4.13 and Figure 4.14. Figure 4.13 shows that for -1810V, no background signal is
observed, and the gamma signal has a width of 16 ns and FWHM of 6 ns. Figure 4.14
shows that for —2000 V, the width of the background signal is 18 ns and FWHM is 3 ns,
while the width of the gamma signal is 18 ns and FWHM is 6 ns. Looking at the
background radiation curves, no peak was obtained at —1810 V, while a peak of ~16 mV
was obtained at —2000 V. In additional tests, peaks around ~50 mV were observed when

—2300 V and -2400 V were applied outside the operating voltage of the detector.
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Figure 4.13 Cosmic background and Co-60 gamma source radiation test results for
Mode 3 when —1810V voltage applied to the first dynode.
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Figure 4.14 Cosmic background and Co-60 gamma source radiation test results for
Mode 3 when —2000V voltage applied to the first dynode.
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Although, the results show higher peak values for the cosmic background, the low
flux density of the cosmic radiation contributes to the larger signal width. However, the
Co-60 gamma radiation plots show a steep peak with a narrow signal width, indicating
that the detector system is well-suited for the gamma radiation and electromagnetic

shower interactions.

The sizes, widths, FWHM values and number of hits per second of the signals
received with cosmic background and Co-60 Gamma in all modes are tabulated in Table
4.1.

Table 4.1: Cosmic Background and Co-60 Gamma radiation measurement results

Radiation Signal Size Signal FWHM
Type Mode (apprx) Width (apprx) hits/s
(mV) (apprx) (ns) (ns)
Model 70 58 23 3,56
Mode2 65 680 53 0,24
Cosmic
Mode3 -1810V 8 - - -
Mode3 -2000V 15 18 3 0,06
Model 63 14 8 2778
Mode2 46 20 7 6,67
Gamma
Mode3 -1810V 43 16 6 -
Mode3 -2000V 47 18 6 1,58

4.6 Detecting Gamma and Neutron Particles with

Integrated Gadolinium (Gd)-Doped Glass

Elements such as Gadolinium (Gd), Boron (B), and Lithium (Li) are frequently
utilized for neutron detection. We used gadolinium (Gd)-doped glass to enhance the
efficacy of the PMTs in detecting gamma and neutron particles. Gd possesses a markedly
greater neutron capture cross-section for low-energy neutrons (<1 eV) compared to other
elements. In contrast to other materials, Gd demonstrates no variations in its neutron
capture cross-section within the energy range of 1 eV to 500 eV. Gadolinium isotopes
have significant efficacy in neutron capture and gamma ray production. When Gd-157

reacts with neutrons, it converts to Gd-158 and emits gamma radiation. Gd-157 is
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extensively utilized in neutron detectors due to its superior neutron capture cross-section
compared to other elements, retaining this sensitivity across various energy levels. This
integration offers advantages such as heightened efficiency in neutron detection
attributable to Gd's elevated neutron capture cross-section, greater overall sensitivity, and

signal resolution of the PMTs, and improved resilience in high-radiation conditions.

We carried out the substrate preparation and gadolinium (Gd) thin film deposition
process as follows. Flat glass slides measuring 75x52mm with a thickness of 1 mm were
utilized as substrates for the deposition of Gd thin film layers. In advance of deposition,
the substrates underwent a sequential ultrasonic bath treatment in acetone, isopropanol,
and deionized water, followed by nitrogen gas drying to eliminate any impurities.
Gadolinium thin films were deposited on the prepared glass substrates utilizing the
Electron Beam Evaporation (E-beam) process. Gd thin film layers of two different
thicknesses, 100nm and 500nm, were grown. In the test process, two 500nm Gd-coated
glasses were used for 1000nm measurements and three 500nm Gd-coated glasses were
used for 1500nm measurements. The E-beam deposition technique was performed at a
base pressure of 10”Pa in a high vacuum chamber to reduce oxidation and contamination
during deposition. Initially, the prepared glass substrates were positioned within the E-
beam chamber, which was then evacuated to a pressure of 5x107 Pascal (Pa). Upon
beginning of the procedure, an electric current was applied to a conductive filament,
resulting in its heating and subsequent electron emission. A voltage of approximately 6
kilovolts was subsequently supplied between the center and filament to propel the
electrons towards the granular Gd designated for deposition. A robust magnetic field
channels these electrons into beams, subsequently directing them towards the deposition
material. Upon collision, the high-energy electrons induced the evaporation of the
substance, which then deposited onto the glass substrates. The thicknesses of the formed
Gd film layers were measured in situ during deposition utilizing a crystal microbalance
(QCM) incorporated into the E-beam deposition chamber. This real-time monitoring
facilitated accurate regulation of the film's thickness. The fabrication procedures for the

Glass-Gd are illustrated in Figure 4.15.
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Figure 4.15: Fabrication of Gadolinium (Gd) Thin Film Layers on Glass Substrates by

E-beam Deposition Techniques.



Table 4.2 gives the approximate values of the signal sizes obtained as a result of
measurements with Gd-coated glasses with 100nm, 500nm, 1000nm, and 1500nm

thickness for Mode 1, 2, and 3 radiated with the neutron source (Am-241/Be, 3.3 MBq).

Table 4.2: The approximate signal sizes of Mode 1, 2 and 3 with a Gd-coated sample

mounted on the PMT due to neutron irradiation.

Gd Thickness (nm) Model (mV) Mode2 (mV) Mode3 (mV)
100 88,68 39,67 37,05
500 87,23 39,81 36,94
1000 86,97 38,88 35,09
1500 85,78 39,02 35,75

Figure 4.16 shows the pulse shapes of all three modes obtained from measurements
with Gd-coated glasses with thicknesses of 100nm, 500nm, 1000nm, and 1500nm due to
neutron irradiation. As seen in Figure 4.16, the highest signal size can be obtained in
Model. The signal sizes of modes 2 and 3 are close to each other and approximately half
the size of Model. From this, we can conclude that Model is the most suitable mode for
Gd-coated measurements even if Mode2 and Mode3 are also sensitive to the Gd-coated
measurements. It is also observed that the Gd coating thickness for all modes does not
significantly change the signal strength. Therefore, in the range we have studied, applying

a certain Gd coating thickness is unnecessary to keep the signal strength at a certain level.
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Figure 4.16: Pulse shapes of all three modes of the SE calorimetry module with Gd-
coated glasses with thicknesses of 100nm, 500nm, 1000nm, and 1500nm due to neutron

irradiation.
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Figure 4.17 displays the linearization plot of the approximate signal sizes obtained
from measurements with Gd-coated glasses with thicknesses of 100nm, 500nm, 1000nm,

and 1500nm for Mode 1, 2, and 3 due to neutron irradiation.
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Figure 4.17: The signal sizes of all three modes versus Gd thickness due to neutron

irradiation.

Figure 4.18 illustrates the pulse shapes due to cosmic rays, gamma rays, neutron,
and beta (Sr-90, 3.7 kBq) irradiation. All are obtained in Mode 1 using a 500 nm thick
Gadolinium (Gd)-coated glass mounted on the PMT. As shown in the Figure 4.18, the
neutron signal is significantly larger compared to the signals from the other radiation
sources. This heightened response to neutrons is attributed to Gadolinium’s high neutron
capture cross-section, which enhances the detector’s sensitivity to neutrons. In contrast,
the signals from cosmic rays, gamma rays, and beta radiation are identical in magnitude,
indicating a similar response to these forms of radiation. This uniformity suggests that the
detector, while efficient at all sources mentioned above, has a particularly strong
sensitivity to neutrons (as developed with Gd-coated materials) making it well-suited for

applications that require precise neutron detection.
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Figure 4.18: The pulse shape comparison of the Mode 1 coupled with 500nm thick

Gd-coated glass for Cosmic, Gamma, Neutron and Beta irradiation.

Figure 4.19 displays the pulse shape distrubitions of all three modes coupled with
a 500 nm thick Gd-coated glass due to neutron irradiation. Among the three modes, Mode
1 consistently produces the most distinct neutron signals, showcasing a significant
enhancement attributed to the Gd coating. In contrast, Mode 3 exhibits noticeable signal
distortion, indicating reduced accuracy in neutron detection under these settings. Mode 2
also provides less pronounced signals compared to Mode 1, though without the severe
distortions seen in Mode 3. The larger neutron signal observed in Mode 1 emphasize its
superior sensitivity and suitability for neutron measurements, as the Gd layer effectively
amplifies the detector's response to neutrons. This comparison highlights the critical role
of mode selection in ensuring accurate and reliable neutron detection. Mode 1 emerges
as the optimal choice, while Modes 2 and 3 are less effective, particularly for precise

measurements, emphasizing the importance of careful calibration and configuration when
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using Gd-coated detectors. The double-pulse shape of the Mode 3 is believed to be due
to the afterpulse interaction of the delayed gammas produced by Gd atoms due to the
capture of the neutrons. Both Mode 2 and Mode 3 would be developed as a sensitive

modes to neutrons after careful optimization studies.
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Figure 4.19: Pulse shape comparison of all three modes coupled with a 500nm thick Gd-

coated glass due to neutron irradiation.
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4.7 Conclusions

In this chapter, we talk about particle detectors operating in high radiation
environments. First, we provided information about the studies to solve the problems of
particle detectors operating in high-radiation environments. Then, we explain one of these
solutions, the secondary electron calorimeter. Then, the electronic cards designed and
produced for the thesis were designed and manufactured, and the results of the R7761
photomultiplier tube tests were obtained. Finally, the data obtained from our
characterization tests with cosmic background radiation, gamma rays, Beta particles and

neutron irradiation are presented and explained with graphs.
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Chapter 5

Conclusions and Future Prospects

5.1 Conclusions

In this study, three novel Secondary Emission (SE) Ionization Calorimetry modules
with a remote-controlled electronic board were developed from conventional
Photomultiplier Tubes (PMTs). All three modes and the electronic board were simulated
and tested for electronic characteristics. All three SE modes were tested with cosmic
background radiation, Co-60 gamma source, Sr-90 Beta source, and Am-241/Be neutron

source in a dark box at room temperature.

The experimental results confirm the expected outcomes regarding the signal sizes
and width disparity between the Modes conditions. Mode 1 and Mode 2 have larger signal
sizes than Mode 3, which illustrates that Mode 3 is not responsible for cosmic radiation
even at high voltages. Also, the wider signal width observed in Mode 2, attributed to the
shorting of both the photocathode and first dynode, underscores the impact of the cosmic
interactions with metal-oxide materials, resulting in after-pulse additions to the first
signal. The comparative analysis of the three Modes graphs reveals a significant temporal
mismatch between cosmic radiation and Co-60 gamma radiation signals. This difference
is attributed to the inherent characteristics of the radiation sources: cosmic radiation
exhibits low flux with high-energy particles, while Co-60 gamma radiation shows a high
flux with lower energy. The results showed that all three modes are functional as
expected. Also, the integrated modes with a 500-nm thick Gd glass were tested, and they
gave a promising result for the newly developed SE module, which is suitable for neutron

applications.
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Developing such modules is critical for radiation-resistant nuclear and high-energy
detectors, which are used in high-radiation environments. This integrated approach sheds
light on a future comprehensive study of signal acquisition and sensitivity for particle

detectors in harsh radiation zones such as accelerators, space, and nuclear applications.
5.2 Societal and Scientific Impacts

Nuclear Instruments and Particle Detector Technologies are classified as one of
critical technologies according to the 12th Development Plan of the Turkish Government.
Detectors, calorimeters, and accelerators are so important for natural science experiments
to solve the mysterious problems in Physics, and related fields. In addition, the detector
technologies are crucial for medical, industrial and homeland security applications such
as cancer therapy, diagnostic instrumentation, monitoring nuclear waste nonproliferation,
biomedicine, and drug development, etc. A higher level of performance of calorimeters,
including high resolution, fast response time and good radiation hardness features, is
demanded for novel technological developments. The prospects for future advances in
calorimetry are bright. The nature of new capabilities, and hence of the applications, will
depend on broad areas such as research & development, and reindustrialization. Hence,

working in this area will be beneficial to industry and society.
5.3 Future Prospects

Since the research and development studies of nuclear electronics, which is the
subject of this thesis, are limited in our country, this study offers a good environment for
future studies in the field. While the electronic cards we have developed are currently
tailored for the R7761 photomultiplier detector, the knowledge and experience we have
gained in their design and production opens exciting possibilities. We are confident that
this expertise will allow us to adapt these cards for use with various other photomultiplier

tubes, paving the way for diverse applications in the future.

Since the photomultiplier tubes are fabricated and mass-produced, calibration tests
are required. We can perform characterization tests in our laboratory for the newly
developed electronic modules. Here, we produced new modules for a single PMT but in

future, we can produce new modules for both several types and multiple PMTs.
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In this study, we switched between modes and turned the high voltage on and off
by using remote controlled environment. However, the HV power supply unit’s
application was used to control the high-voltage source in general. In the future, we are
aiming to develop a more comprehensive module that will be useful for controlling and

data acquisition of the HV power supply, and data taking remotely.

In this study, we developed a new Secondary Emission (SE) module by altering the
design of the photomultiplier tube technology, but in the future, we would like to develop
an extremely sensitive and radiation-resistant SE detector from scratch in a clean-room

environment.
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APPENDIX A

Table 0.1 C# Code

using Systenm;

using System.Collections.Generic;
using System.ComponentModel;
using System.Data;

using System.Drawing;

using System.Linq;

using System.Text;

using System.Threading.Tasks;
using System.Windows.Forms;

namespace Controllerl
{

public partial class Forml : Form

public Forml()

{
InitializeComponent();
serialPortl.0pen();
}
private void ModelOn_Click(object sender, EventArgs e)
{

// Sent command to the arduino to turn Model on
serialPortl.Write("A");
textBox1l.Text = "Now Mode 1 is Active!";
// Add Image
PictureBoxModes.Image = new
Bitmap("C:\\Users\\npara\\Desktop\\ModeImages\\ModelHImage.jpg");
}

private void Mode20n_Click(object sender, EventArgs e)
{
// Sent command to the arduino to turn Mode2 on
serialPortl.Write("B");
textBox1l.Text = "Now Mode 2 is Active!";
// Add Image
PictureBoxModes.Image = new
Bitmap("C:\\Users\\npara\\Desktop\\ModeImages\\Mode2HImage.jpg");
}

private void Mode30n_Click(object sender, EventArgs e)
{
// Sent command to the arduino to turn Mode3 on
serialPortl.Write("C");
textBox1l.Text = "Now Mode 3 is Active!";
// Add Image
PictureBoxModes.Image = new
Bitmap("C:\\Users\\npara\\Desktop\\ModeImages\\Mode3HImage.jpg");
}

private void textBox1l_TextChanged(object sender, EventArgs e)
{

}
private void labell_Click(object sender, EventArgs e)

{
}
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APPENDIX B

Table 0.2 C++ Code

String data;
char dl;

void setup() {
// put your setup code here, to run once:
Serial.begin(9600);
pinMode(11, OUTPUT);
pinMode(12, OUTPUT);
pinMode(13, OUTPUT);

void loop() {
// put your main code here, to run repeatedly:
if(Serial.available()){
data = Serial.readString();
dl = data.charAt(0);
if(dl=="C") {
digitalWrite(11, HIGH);
digitalWrite(12, LOW);
digitalWrite(13, HIGH);
}
if(dl=="'B") {
digitalWrite(11, LOW);
digitalWrite(12, HIGH);
digitalWrite(13, LOW);
}
else if (dl == 'A"){
digitalWrite(11, LOW);
digitalWrite(12, LOW);
digitalWrite(13, LOW);
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