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Abstract

The Earth’s magnetosphere is composed of energetic electrons and protons.
It is important to verify average populations and energy distributions of
these particles and quantify the effects of geomagnetic events on their pop-
ulations and energy distributions. Abrupt changes have been observed in
the energy and distribution of protons during magnetic storms creating a
large population of very energetic (> 1 MeV) protons in the slot region
of the Earth’s Van Allen belts. A few attempts have been made in the
past to investigate the sources and loss mechanism of these energetic par-
ticles. We have carried out detailed modelling of a High Energy Proton
Telescope (HEPT) proposed as a scientific instrument for the proposed
Canadian Outer Radiation Belt Injection, Transport, and Loss Satellite
(ORBITALS) mission. HEPT is capable of measuring the energetic proton
and electron distributions in the energy range of 3-120 MeV for protons and
3-20 MeV for electrons. The detector consists of two heads, one to cover
the range of 3 to 26 MeV protons and the second to cover the range of 26 to
120 MeV protons with total view angles of 18° and 36°, respectively. The
detector efficiency and geometric factors were calculated numerically using
the GEANT4 high energy physics modelling code. In addition, model cal-
culations were carried out to compare the model instrument performance
with experimental measurements carried out at the TRIUMF accelerator
facility giving good agreement. The results obtained indicate that the de-
tector design would be suitable for a satellite mission to study energetic

particle distributions during energetic solar particle events.
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Chapter 1

Introduction

1.1 Introduction

After the discovery of radiation belts in 1958 it has become evident
the radiation belts are a very important aspect of space weather that af-
fects space missions. Thus for the past several decades, radiation belts
have become an important subject of interest for the scientific and space
communities [11]. The high energy proton and electron populations in the
near-Earth space environment are some of the most significant hazards to
the operation of satellites. These particles penetrate deeply into spacecraft
and cause ionizing radiation damage to electronic and optical components
as well as single event effects due to charge deposition in digital circuitry.
Efforts have been made to measure and model the high energy protons in
the Earth’s radiation belts so that their effects on space systems can be
better understood and predicted. Indeed average flux models such as AP8
and AES already exist and can be used as starting point for essassing radia-
tion flux. However particle fluxes and energies are quite variable and more
accurate monitoring is required to build a detailed data base for better

models.
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Figure 1.1: Figure illustrating three periodic movements of gy-
ration, bounce and drift of charged particles in Earth’s mag-
netic field. Figure reproduced from SPENVIS website [2]

1.1.1 Radiation Belt

Earth is surrounded by protons, ions and electrons forming torus shaped
layers, called radiation belts. The local magnetic field of the Earth traps
charged particles thus forming a protective layer around the Earth. It was
found in 1958 that our Earth is surrounded by two radiation belts, the
inner and the outer. Van Allen discovered the inner one while the outer

one was discovered by S.N. Vernov and his colleagues [11].

Charged particles conduct three types of motions in the Earths mag-
netosphere (shown in Fig.1.1): gyration around the magnetic field lines,
bounce motion along the magnetic field lines and drift motion across mag-
netic field lines as a result of the gradient and curvature of the magnetic
field, forming toroidal trajectories centred on Earth’s dipole centre called
drift shells. Tons drift westward and electrons drift eastward also the higher

energy particles drift faster than the lower energy particles [12].

Fig.1.2 shows a schematic of the radiation belts of Earth. It is di-
vided into two layers. The inner belt is extended to 2.5 Earth radii and
consists of energetic protons up to 600 MeV and electrons up to several
MeV. The outer layer which can sometimes extend to 10 Earth radii mainly

consists of electrons. The structure of inner belt is relatively stable in com-



Figure 1.2: A schematic view of Van Allen Belts showing inner
and outer layers. [3]

parison to the outer one, which is highly dynamic [13] and varies on the
time scale of minutes, hours, months and years. There is a gap between
the inner belt and outer belt, called the slot region, where normally a small
number of particles can reside but it can be filled during active times. In
1980s and 1990s a new belt called the Anomalous Cosmic Rays (ACRs) was
discovered. The ACRs, so named because of its unusual ion composition
and energy spectrum, consists of He, C, N, O, Ne, and Ar ions with an
anomalous enhancement in the energy spectrum. The ACRs are formed
by the neutral atoms in the interstaller space which penetrate into the
heliosphere where they are ionized by solar UV radiation or by charge ex-
change with solar wind protons in the interplanetary medium [14]. These
ionized particles are then coupled to solar wind and are carried outwards
to the heliospheric boundary region where these accelerated particles then
enter the orbit of the Earth after undergoing diffusion, convection and adi-
abtic deceleration. With the much improved time and spatial resolution of
the Solar Anomalous and Magnetospheric Particle Explorer (SAMPEX) in-
strumentation, Cummings et. al. [4] measured the spatial distribution, the
composition, and pitch angle distribution in great detail. It was found that
the trapped ACR ions (He, O, N, Ne) are concentrated just south-east of

the South Atlantic Anomaly with a sharp peak at L=2 in the energy range
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Figure 1.3: Measured ACR Oxygen ions versus L value. ©1993,
IEEE [4]

of 16-50 MeV /nuclei where L is the Mcllwain parameter [15] measured in
Earth radii, and B/Bo (magnetic field strength normalized to its equatorial
value on the field line). Fig.1.3 shows the concentration of Oxygen nuclei

along L shell values.

The Sun is the main source and largest cause of change of radiation in
space, although it is known that active acceleration processes also generate
radiation around the Earth. The solar energetic particles are produced as a
result of solar flares. A big solar flare results in a large amount of radiation
around the Earth as the energetic particles from the Sun reach the Earth.
To model the space environment it is very important to understand the
cyclical activity of sun. The solar activity cycle is approximately 11 years
long [16]. During this period there are typically 7 years when activity levels
are high, the solar maximum, and 4 years during when activity levels are

low, the solar minimum.

Although the number of sunspots is a common indicator of solar
activity, the direct relation between the strength of the measured radiation
events and number of sunspots is not straight forward. Events which emit
a large number of solar particles are known to occur with greater frequency
during the declining phase of the solar maximum. Trapped electron fluxes

also tend to be higher during the declining phase [12].



-
=
n

-
=
iy

o
=
L

o
=
2

AP-8 MAX Omnidirectional Flux =10 MeV (cni° ')

Figure 1.4: Invariant coordinate map of the AP-8 MAX in-
tegral proton flux > 10 MeV. The semi-circle represents the
surface of the Earth and the distances are expressed in Earth
radii (L shell values). Figure reproduced from SPENVIS web-
site [2]

AE-8 MAX Flux > 1.00 MeV (cm’s)

Figure 1.5: Invariant coordinate map of the AE-8 MAX inte-
gral electron flux > 1 MeV versus the L value. Figure repro-
duced from SPENVIS website [2]



As stated earlier, the radiation belts are linked to the existence of
the Earth’s magnetic field. The populations of particles are controlled
by the sources and losses. The sources are the injection from the tail
of the magnetosphere and creations by nuclear reactions between atoms
in the upper atmosphere and energetic ions from solar or glactic cosmic
particles. The losses take place by precipitation into the upper atmosphere
or by charge exchange with the atoms and molecules from the exosphere.
These processes depend greatly on the magnetic field and can vary over
different time scales. Any major disturbance in the magnetic field results
in a magnetic storm and variations of the fluxes in the radiation belt.
Figs. (1.4) and (1.5) show the energy distribution function of protons and

electrons in the radiation belt versus the L value.

Low energy protons ranging from some tens to some hundreds of
keV are very sensitive to magnetic storms. At the beginning of each indi-
vidual magnetic storm or substorm, protons are injected from the tail of
the magnetosphere which increases the particle flux in the radiation belts.
But at higher energy levels the belt is generally very stable and individual
magnetic storms or substorms often do not affect those trapped particles.
For the electron case it has been observed that low energy electrons respond
very quickly after any disturbance in magnetic field while high energy elec-

trons are detected few days after the event.

The High Energy Proton Telescope (HEPT) is one of the instru-
ments which was to be included in a proposed Canadian satellite mission
called the Outer Radiation Belt Injection, Transport and Loss Satellite
(ORBITALS) mission [8]. This was proposed as a Canadian contribution
to the International Living With a Star (ILWS) program [17]. ORBITALS
was designed to be launched in a low inclination geostationary transfer or-

bit (GTO) with an apogee conjunction once per orbit with the Canadian



Geospace Monitoring (CGSM) array and the GOES East and West geosyn-
chronous satellites. The ORBITALS mission was designed to measure elec-
tron and ion populations in the magnetosphere as well as dynamic electric
and magnetic fields, waves and cold plasma to better understand the role
of radiation belts in space weather in the near Earth environment. The
specific goals of ORBITALS are detailed in the paper by Mann, et.al. [8].
The contribution of HEPT to the ORBITALS mission was the angularly
resolved measurement of high energy protons and possibly also energetic

light ions and electrons.

HEPT is capable of measuring the energy spectrum of protons in
the energy range of 3 to 120 MeV with a 2D coverage once per satellite
rotation. The HEPT design consists of two sensor heads, the Low Energy
Head (LEH), intended for lower energy and High Energy Head (HEH) for
higher energy protons. The HEH is also responsible to measure the energy
spectrum of electrons ranging from 3 to 26 MeV. Each head contains a
stack of silicon PIN detectors arranged in such a manner that measure-
ments of proton energies is deduced from the signals of multiple detectors.
This method is required to determine the direction of the proton as well as
distinguish the protons from other particles, such as heavier ions or elec-
trons. The average peak daily signal rated expected for the instrument
are 21,500 and 650 protons per second for the low and high energy heads,
respectively, which are estimated by taking the quiescent peak flux rates
along the orbit of the satellite. The expected saturation flux rate for either

head is expected to be in excess of 200,000 protons per second.

The project started in 2004 and an initial design was built with two
PIN detectors which was tested at the University of Alberta in the Laser
Plasma Research Laboratory with an alpha particle source. The final de-

sign of HEPT consists of eight PIN detectors with aluminum degraders.



A prototype with four detectors was tested at the TRIUMF beam facility.
The first aluminum degrader and all the four detector elements had fixed
thickness while by changing the thickness of the degrader elements on front
and between the last two detector elements, different detector configura-

tions of final HEH design were achieved.

The instrumentation and orbit of ORBITALS is similar to a previous
science mission, the Combined Release and Radiation Effects Satellite (CR-
RES) [18]. CRRES was flown in 1990-1991 and there has not been another
science mission specifically to this region of space since. The PROTEL
instrument on CRRES provided measurements of protons with energies
between 1 and 100 MeV during the mission. Since the operation of HEPT
is similar to PROTEL, the PROTEL design had been used as the starting
basis when designing HEPT. The high energy head of HEPT will have a
much higher count rate for various energy channels compared to PROTEL
because of the factor of 4 times increase in geometric factor. To avoid sat-

uration by high count rate events the low energy edge of the detector has

been raised from 6 MeV in PROTEL to 26 MeV in the HEPT design.

1.2 Thesis outline

In the present study a High Energy Proton Telescope (HEPT) has been
proposed and characterized. In the following chapters the design and anal-
ysis of the proposed detector is described. A brief outline of the thesis is

listed below:

Chapter 2 of the thesis is intended to describe a brief theoretical
background of radiation belts and previous space missions. The chapter
includes a brief overview of the ORBITALS mission for which HEPT is
designed. HEPT is based on energy deposited per unit length, also called

dE/dx detector, so it is important to explain the physics of a dE/dx silicon

8



detector to understand the operation of HEPT. In order to estimate the
space environment which will be probed various models of particle distri-
butions and the expected fluxes for electron and proton based on AE-8,
AP-8 models and CRRES data have been included. The acceptance angle
and the geometric factor, which are important parameters of a telescope to
give the efficiency of the device, will also be discussed briefly and compared

to previous instrument designs in this chapter.

Chapter 3 discusses the Low energy detector head. Detailed design
and modeling of LEH is described in this chapter. The detector response
and energy deposition distribution of low energy protons is explained. The

calculation of geometric factor for LEH is also included in this chapter.

The High Energy detector Head is designed to measure the proton
energy ranging from 26MeV to 120 MeV and electrons with energy from
3MeV to 26 MeV. Chapter 4 discusses the detailed design and modeling
of the HEH. Simulation are carries out to estimate the detector response
and energy deposition in the Silicon detectors. A detailed geometric factor

calculation for HEH is described in this chapter.

A four detector test design was used to test the operation of the
HEH at TRIUMEF test facility. In chapter 5 the design and modeling of this
TRIUMEF prototype detector is discussed. A comparison of the simulation

data and test data is also described in this chapter.

In the last chapter of this thesis conclusions are presented. This

chapter also contains some recommendations for future work.



Chapter 2

Theory and Background

2.1 Motivations

Significant progress in space techonology was made during the years
following World War II. The field received a enormous boost during these
years leading eventually to the great breakthrough of 1957 when Sputnik
1 beacame the first satellite to orbit the Earth in outer space. Many space
missions have been sent now to explore the outer space environment and the
solar system. Space technology has also served mankind. Many satellites
have been sent to outer space which provide satillite navigation system,

weather forecast, satellite television, radio and telephone services.

There are a number of processes which control the variable structure
and dynamics of the radiation belts. The effects of these processes must be
understood both singly and collectively in order to achieve dramatic im-
provements in space weather capability. The main challenge is that these
processes act simultaneously, sometimes in the same region of space and
sometimes in vastly different parts of the inner magnetosphere. The net ef-
fect of geomagnetic activity is determined by the state of the lower-energy
source population and the magnetospheric transport processes including
the effects of acceleration and loss. Furthermore, the whole chain of events
takes place in a system of electric and magnetic fields that change dramati-

cally in response to solar activity, solar wind energy inputs, the diamagnetic
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effects of the ring current, substorms, ionospheric coupling and the whole

host of interconnected parts of the Sun-Earth system [19].

Although significant efforts have been made in space science to
understand the effects of solar and magnetospheric charged particles on bi-
ological and technological systems, there has been much less effort to study
the effects of geomagnetic storms and magnetospheric substorms on space-
based and ground-based communication, navigation and power distribution

systems [20].

The inner magnetosphere is one of the regions of the magnetosphere
which is poorly understood in detail. This region of geospace had not
been extensively examined by the past space missions because of the harsh
radiation environment and its deleterios effect on space instrumentation.
Earths radiation belts are most strongly affected by the processes taking
place in the inner magnetosphere. The processes of primary interests are
acceleration and loss mechanism for energetic particles, the dynamics of the
transient and extreme radiation belt structures, the effects of the ring cur-
rents and solar storm, and the controlling influences of the magnetospheric
plasma environment, electric, and magnetic fields on the whole coupled

system [8].

Due to their large energy range, trapped particles cause a variety of
effects in spacecraft, components and biological systems. Low energy elec-
trons contribute to spacecraft surface charging. High energy electrons in-
jected and accelerated through the magnetotail can cause dielectric charge
buildup deep inside geosynchronous spacecraft which may lead in turn to
destructive arcing. Inner and outer belt electrons also contribute to ionising
doses through direct energy deposition and bremsstrahlung effects. High
energy protons (>10 MeV) in the inner radiation belt are the main con-

tributors to ionising dose deposition in shielded components, where cosmic
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rays and solar energetic particles are effectively shielded by the geomagnetic
field. Lower energy protons (up to 10 MeV) contribute to Non-Ionising En-
ergy Loss (NIEL) dose which affects Charged-Coupled Devices (CCD) and
other detectors. Unshielded detectors can be affected even in the outer belt,
where protons with energies < 1 MeV are present [2]. Non ionising energy
is the energy a particle transfers to a solid without ionising it. Particles
hitting solid state material can displace the atoms of the material causing
a displacement damage which reduces the charge transfer efficiency of the

material.
2.2 Theoretical Background

With the discovery of the radiation belts it was realized by space sci-
entists that it was important to understand the radiation environment in
which satellites would operate. Many measurements were done in 1960’s
and 1970’s to develop models on the near-Earth radiation environment.
The early models provide very useful first order understanding of radiation
hazards in the near Earth space environment. But there were limitations
on the number of measurements which could be made and the capability
of the instrumentation. However over the time the technology has become
more sophisticated allowing for better measurements to be made. Since
the high energy proton, electrons and ions in the Earth space environment
pose significant hazards to the operation of satellites, a better knowledge
of space environment not only can increase the average lifetime of space-
craft but also can help to develop better methods to protect the crew from
radiation effects. Therefore, it is important to upgrade the radiation belt

models to meet the accuracy needed for today’s space systems [21].

Since the early 1970’s continuous improvements have been made to

the radiation belt models by adding new data sets, extending the energy
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ranges, etc. The latest versions of electron and proton models developed
by NASA are called AE8 and APS8, respectively. They are provided by
the NASA and are much improved over the initial models, but still have
deficiencies which are becoming more apparent due to new miniaturized

electronics in the spacecraft [18].

By realising the need of cooperation between different nations, NASA
proposed Living With a Star (LWS) program in fall 2000. International
Living With a Star is an international cooeperative program in solar ter-
restrial physics established by the major space agencies of the world (USA,
Japan, Russia and European Countries). The program is a follow on of
the International Solar Terrestrial Physics (ISTP) program. the main ob-
jectives of the program are to stimulate, strengthen, and coordinate space
research to understand the processes that are responsible to connect the
Sun-Earth System. The scientific goals of ILWS include future solar, helio-
spheric and solar terrestrial missions which are important in both applied
and fundamental sciences [17]. The outer radiation belt injection, trans-
port, acceleration and loss satellite (ORBITALS) is also a small satellite
mission proposed as a Canadian contribution to the satellite infrastructure

for the ILWS program.

ORBITALS would monitor the energetic electron and ion popula-
tions in the inner magnetosphere across a wide range of energies as well
as the dynamic electric and magnetic fields, waves and cold plasma en-
vironment which govern the injection, transport, acceleration and loss of
these energetic and space weather critical particle populations [8]. The
High Energy Proton Telescope (HEPT) is one of the instruments planned
for the ORBITALS mission to measure the energy spectrum of electrons

and protons.
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2.2.1 Past work

The study of space in the period 1958 and 1978 established the average
fluxes and energies of the electrons and protons trapped in the Earth’s
radiation belts. On the basis of these studies different empirical models
have been derived which gave a general but static view of the radiation
belts. A series of models for protons and electrons was developed by NASA.
The models are based on data from more than 20 satellites from the early
sixties to the mid-seventies. AP-8 (Aerospace Corporation Proton version
8) and AE-8 (Aerospace Corporation Electron version 8) are the latest
editions in a series of updates starting with AE-1 and AP-1 in 1966, give
proton and electron spectra at the solar minimum and maximum. These
models contain omnidirectional, integral electron (AE maps) and proton
(AP maps) fluxes in the energy range 0.04 MeV to 7 MeV for electrons
and 0.1 MeV to 400 MeV for protons in the Earth’s radiation belt (L =
1.2 to 11 for electrons, L, = 1.17 to 7 for protons). The fluxes are stored
as functions of energy, L-value [21]. Figs. 2.1, 2.2, 2.3 and 2.4 show the
integral flux for solar minimum and maximum for protons and electrons
taken from the AP-8 and AE-8 models for a defined orbit with perigee and

apogee of 6630 km and 33,850 km, respectively.

The CRRES mission was dedicated to determine the structure and
dynamics of the radiation belts using more modern detection instruments.
One of the important objectives of CRRES was to assess the effects of
trapped radiation on electronic components in space. During 25 July 1990
to 22 March 1991 data of CRRES showed that there was primarily a single
inner zone proton belt around L= 1.6 and these trapped protons produced
a strongly peaked spatial occurrence of spacecraft interactions. After a
strong geomagnetic storm on 24 March 1991, the inner zone belt structure

changed extending to larger L values and forming a second peak around
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L=2.3 [20]. CRRES-PRO and CRRES-ELE are the models for protons and
electrons based on CRRES data. Figs.2.6 and 2.5 show omnidirectional flux
of protons during quiet and active times as predicted by CRRESPRO, CR-
RES P/S and AP-8 models. CRRESPRO and CRRES P/S are the models
based on observations of PROTEL and proton switches (PS) respectively.
Both were proton energy detectors flown on CRRES [7].

Observations by geosynchronous satellites, by CRRES, SAMPEX
mission and POLAR have now shown that the radiation belts are highly
structured and highly dynamic exhibiting variability on time scales of min-
utes, days, seasons, and the solar cycle [22]. Table 2.1 lists brief informa-
tion about these space missions. The fluxes of radiation belt electrons and
ions vary in response to solar wind conditions and in response to geomag-
netic storms but those variations are poorly understood and unpredictable.
Usually an increase of the fluxes of radiation belt electrons and ions are

observed during high-speed solar wind driven storms, a given storm might
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with permission of the American Institute of Aeronautics and
Astronautics [7].

| Mission | Period (hrs) | Orbit(km) | Inclination | Year

CRRES 10 350/33,500 18.1° 1991
23]

SAMPEX 550/675 [24] | 820 1992

POLAR | 226 11500/57000 | 86° 1996
[25]

Table 2.1: Some space missions of the past and their important
parameters.

either decrease radiation belt fluxes if it had been increased by a previous
storm. The reason is still unknown, which reflects the fact that the pro-

cesses that transport, accelerate, or remove particles from the system are

still unpredictable [19].

The inner part of the proton radiation belt, L. < 2.0, is very sta-
ble, while in the outer part of radiation belt, L. > 2, dramatic variations
have been observed, especially during solar storms and strong interplane-

tary shocks. For example, during the storm sudden commencement (SSC)
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recorded on March 24, 1991 by CRRES mission, a new proton belt was
formed within just 3 minutes [20]. Sometimes the magnetosphere is com-
pressed by an abrupt enhancement of the solar wind dynamic pressure prior
to the main phase of a storm. This is called SSC, which is followed by a
storm’s initial phase. It is thought that the Cosmic Ray Albedo Neutron
Decay (CRAND) is mainly responsible for quiescent protons with energies
> 100 MeV. Solar protons from solar events are the main source of protons
in the radiation belts. The inward transportation of protons by radial dif-
fusion is important for their acceleration. The dominant causes of loss of
protons are Coulomb collisions with thermal plasma in the plasmasphere
and atmospheric absorption. The precipitation into the ionosphere due to

the pitch angle scattering is also important.

Theoretical and observational studies of energetic electron losses
have been carried out since the late 1960s. Observed decreases in the
trapped flux can be caused by adiabatic effects, or real losses through either
precipitation into the atmosphere or magnetopause shadowing. In the inner
belt, the electron flux is usually stable, while the electron flux sometimes
increases in association with large magnetic storms. During the strong SSC
event on March 24, 1991, injection of tens of MeV electrons was observed
at L = 2 [20]. Electron flux variations in the radiation belts are the result
of achieving a balance between source, transport and acceleration, and loss
processes [26]. Different processes for acceleration/transportation and loss

occur simultaneously during storms.

Space Weather has become an important issue for space and Earth
applications since the effect Solar Wind and particularly large Coronal Mass
Ejections can have on large adverse effects on many of these applications.
Monitoring Solar Activity and coronal mass ejections (CMEs), and forecast-

ing these events by using different spacecraft has become common practice,
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but forecasting the response of Geospace is nearly impossible with the cur-
rent level of understanding of the physical processes that are responsible
for these responses. Understanding these processes is an important step to

improving forecasting models.

2.3 ORBITALS Mission

The outer radiation belt injection, transport, acceleration and loss satel-
lite (ORBITALS) is a small satellite mission proposed as a Canadian con-
tribution to the satellite infrastructure for the International Living With a
Star (ILWS) program. The main purpose of ORBITALS was to monitor the
energetic electron and ion populations in the inner magnetosphere across a
wide range of energies (from keV to 10-100 MeV) as well as the dynamic
electric and magnetic fields, waves and cold plasma environment which
govern the injection, transport, acceleration and loss of these energetic and

space weather critical particle populations [8].

2.3.1 Design

The ORBITALS was designed as a hexagonal small satellite bus sun-
aligned spin-stabilized spacecraft, with a nominal spin period of around
10 s. Thus a single look direction telescope could measure 2D pitch angle
distributions in a plane containing the nominal background magnetic field
once per spin. For instruments with 2D coverage, full 3D particle distri-
bution functions can be produced once per spin. The spacecraft body was
designed to be made up of a honeycomb structure aluminium shell pro-
viding shielding equivalent to 4 mm of aluminium shielding along with an
additional shielding of aluminum copper and tungsten for the components
and instrument boxes inside the outer housing. The ORBITALS science

payload was proposed to be comprised of 7 instruments for monitoring the
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Figure 2.7: ORBITALS mission [§]

energetic inner magnetosphere particle populations, the background elec-
tric and magnetic fields, and the extremely low frequency (ELF), very low

frequency (VLF) and ultra low frequency (ULF) waves [8].

2.3.2 Mission Objectives and Goals

The main objectives of ORBITALS mission were to study the dynami-
cal variation of outer radiation belt electron flux, inner radiation belt elec-
tron and ion fluxes and to determine the dominant acceleration and loss
processes. To investigate the structure of global inner magnetospheric elec-
tric and magnetic fields, core ion composition of the outer plasmasphere,
plasmapause and plasmatrough regions and its dynamics during storms
was also an important task of the ORBITALS mission. Another important
objective was the study of dynamical behavior of the strength, asymme-
try, composition and energization of the ring current in the inner mag-
netosphere. The mission also included the study of nightside near-Earth

plasmasheet flows and instabilities.

Thus the primary goal of the ORBITALS mission was to determine
the dominant processes responsible for the acceleration, losses, global dis-
tribution and variability of energetic electrons and ions in the inner mag-
netosphere. As stated earlier because of various wave particle interactions

very important coupling exists between particles of widely differing ener-
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gies. Realizing this, a significant goal of the ORBITALS mission was to
focus specifically on understanding the pathways for particle-wave-particle
energy transfer which could affect MeV energy radiation belt particle dy-
namics and radiation belt structure. Furthermore, ORBITALS was to pro-
vide important monitoring of electrons and ions from the inner belt through
Medium Earth Orbit (MEO) to close to geosynchronous orbit at energies
(from keV to 10-100 MeV) which are important for space weather satellite
charging. These measurements could be used as inputs for the development
of the next generation of radiation belt specification models to replace AP-8

and AE-8 etc.

2.3.3 Orbit of ORBITALS

The ORBITALS orbit was designed to traverse from the inner belt at
low inclination to measure maximum extent of particle distribution trapped
in the mirror fields, through the slot region and across the outer belt, to
close to geosynchronous (GEO) orbit. With the careful orbit selection, it
would be possible to maximize the magnetic conjunctions to the exten-
sive ground-based instrumentation in the Canadian Geospace Monitoring
(CGSM) program as well as to other US operated ground-based instru-
mentation in this sector.The orbit also had apogee to provide conjunctions
close to the GOES East and West and other commercial spacecraft which

operate at geostationary orbit (GEO) in the North American sector.

In order to meet the required mission goals, two orbits with differ-
ent perigees were considered. The first, ORBIT A (baseline orbit), was
designed with a 12 h orbital period, geocentric perigee of 13,011 km (inner
radiation belt, 2.04 Rg) and an apogee 40,139 km (outer radiation belt,6.3
Rg). There also exists an alternative orbit, ORBIT B, with perigee around

560 km and with a range of apogee heights slightly above or below the
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apogee altitude of ORBIT A. These orbits would have period shorter than
12h.

As described earlier HEPT was one of the science payloads with two
solid state telescopes providing 2D, 3-100 MeV energetic ion coverage once
per spin. The HEH of HEPT was to study the very high energy inner
belt protons and electrons in the inner and outer belts. The performance
specifications of PROTEL and the HEPT detectors are compared in Table
2.2

By comparing the design of HEPT and PROTEL, it can be seen
that the proposed design of HEPT weighs larger than the PROTEL and
was supposed to consume about the same power of PROTEL. HEPT has a
larger geometric factor with a similar angular resolution, defined by the full
viewing angle, and a slightly higher specification on the lowest energy of
protons that will be measured when compared to PROTEL. The differences
are subtle but depend mostly on the energy ranges selected for the detector
heads. The PROTEL low energy head was dominated by protons with
energies less than 3 MeV, the absence of which will allow HEPT to measure
a higher dynamic range of particle fluxes in the 3-26 MeV range with better

statistical accuracy due to the larger geometric factor.

A large performance enhancement will come from the fact that the
electronics for the HEPT high energy head are being designed to complete
the measurements of proton energies within 1us, whereas the equivalent
PROTEL dead time between measurements was 2 us. The significance of
this increased measurement speed was important for the measurement of

the proton populations before, during and after magnetic storm events.
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The increase in populations of high energy protons during storms can
be as much as three orders of magnitude higher than quiescent and a large
dynamic range is required to properly measure these phenomena. These
population fluctuations occur on time scales on the order of 10 seconds

which matches the rotational period of the ORBITALS well.

2.4  Particle Identification

Particle identification is an important factor in space physics. The par-
ticles interact with matter in different ways, thus offering different possibili-
ties to build detectors. In order to detect either charged or neutral particles
in space, few types of detectors are used. These include Faraday cup de-
vices to measure the current associated with charged particle distributions,
windowless electron multipliers such as channel electron multipliers (Chan-
neltrons) and microchannel plates that may be operated in either a pulse
counting or an integrated current mode, and solid-state or scintillation de-

tectors used for higher energy particles [28].

2.4.1 Ionisation energy losses

Ionisation energy losses play important role to detect charged particles.
Here the quantity to be measured is the average amount of energy lost per
unit length of distance travelled, dE/dx, which is also called the stopping
power. This was calculated by Bohr for the classical case and by Bethe

Bloch and others by using quantum mechanics.

2.4.2 Solid State Detectors

Silicon solid-state detectors (SSD) are built using ultra pure silicon crys-
tals. They are manufactured in several types, depending on the dopants

introduced to the crystal and the method by which they are introduced into
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the crystal lattice. However, the basic operation of all the types of detectors
is the same. As a charged particle traverses the crystal it interacts with the
valence band electrons and promotes them to the conduction band. Once
in the conduction band, electrons are free to move in response to an exter-
nally applied electric field. For each electron promoted, a hole is created
in the valence band. The hole behaves as a positively charged particle and
also moves in response to the electric field. Both electrons and holes are
referred to as carriers. As the secondary conduction band electrons move
through the crystal, they also interact with the valence electrons and create
more electron-hole pairs. At the end of this cascade process approximately
3.6 eV are required to produce one electron-hole pair in silicon. Crystals
typically will have electrodes on both sides and operate as a reverse biased
diode. The applied electric field attracts the carriers to their respective
electrodes and prevents them from recombining. Total charge collected at
the electrode is proportional to the energy lost in the crystal by the incident
particle. If the incident particle is completely stopped in the crystal the

collected charge is proportional to the total particle energy.

In order to understand the response of sensors to high energy par-
ticles the process of energy loss of particles in matter plays an important
role. Heavy charged particles, such as protons, interact with the material
as a result of series of collision with the electrons while traversing the ma-
terial. A small amount of energy is lost as a result of each interaction.
As the mass of proton is greater than that of electron the scattering of
the proton is almost negligble. The result is that protons travel in nearly
straight lines. Electrons, on the other hand, can lose a large fraction of
their energy and undergo significant angular scattering in a single collision
with a target material electron since both particles have the same mass.

In addition, the electron direction of motion can also be changed greatly
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by a collision with an atomic nucleus. The energy loss process of heavy
charged particles, (protons and other ions) is thus different from light par-
ticles (electrons). The stopping power, dE/dx, for heavy particles is given
by the Bethe-Bloch formula [29]

2.4
_d_E:47TNAze B (2.1)
dx mec? B2

where x is the path length, N4 is Avogadros number, z is the charge of the

where

incident ion, m, is the electron rest mass, e is the electronic charge, c is
the speed of light in vacuum, B is v/c for the proton, Z, p and A are the
atomic number, mass density and atomic weight of the stopping material
and [ is the averaged excitation potential per electron in the target. The
density correction A only becomes important at high energies (when the
kinetic energy of the particle exceeds its rest mass for example for proton
it is > 938 MeV) and shell correction C is important at low energies (1-100
MeV with a maximum correction of about 6%.) [29]. A list of the relevant
I, C and A parameters for all elements can be found in Janni [30]. For
non-relativistic particles, v << ¢, only the first term in equation (2.2) is
significant, the third term also contributes if the particles have low energies.
Equation (2.1) is generally valid for ions with velocities greater than those
of atomic electrons. Since the B term varies slowly with energy, the energy
loss varies inversely with energy [13]. As a particle velocity decreases from
relativistic energies, the particle-electron collisions need to be considered
with detailed evaluation of each target electrons orbital bonding in order

to obtain accurate stopping powers.

In case of thin absorbers, the energy loss in the material, AE, is

given by
dE
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where t is the absorber thickness. For cases where the thin absorber approx-
imation cannot be applied, the energy loss AE is obtained by integration

of equation (2.1) over the detector thickness.

Angular scattering can also be important in the case of interactions
of ions and absorber, which alters the direction of motion ion without
affecting its energy significantly. Angular scattering may play an important
role in instruments that use multi-element telescopes. In this case angular
scattering in the upstream detectors may prevent some particles from being
detected. This will result in an underestimate of the true incident particle

fluxes. The angular scattering for ions is given by [13]

< 6*>=

ﬂNZl(Z1+1)Z%e4Z ( 47‘[N£l% Zl+1> (2 4)

E2 Z%/3 + Z§/3 71
where 6 is the scattering angle in radians, Z; is the nuclear charge of the
incident ion, Z7 is the nuclear charge of the target material atoms, N is
the areal density of the target atoms, E is the incident particle energy, e is
the electronic charge and ag is the Bohr radius. Equation (2.4) is valid for

protons with energies above a few MeV.

The process of energy loss by electrons is much more complex than
for ions due to the electrons small rest mass. Electrons are scattered sig-
nificantly in materials, some times enough to scatter them back out of the
material. The backscattering of electrons depends on the Z of the mate-
rial and increases with increase in Z. The emission of Bremsstrahlung or
electromagnetic radiation is another factor in the electron stopping power.
Bremsstrahlung is emitted whenever the electron is accelerated, such as
when it is deflected through a large angle or undergoes a collision with
a large energy loss. Thus part of the energy loss is radiated away as
Bremsstrahlung x-rays and this would not be detected by a silicon de-

tector since the absorption cross-section for x-rays is much less than for the
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initial electrons. However the fraction of loss is small for electron energies

of the order of a few MeV.

2.5 GEANT4 Modeling

A simulation model allows one to examine system behavior under dif-
ferent scenarios in virtual computational world. It provides a safe, and
relatively cheap testbed to optimize the performance and to evaluate the
side effects of the system before implementing the design in the real world.
With the use of advanced detector techonology in particle and nuclear
physics experiments it has become more challenging to create robust soft-
ware frameworks and applications for such type of experiments. GEANT4
is a toolkit used to simulate particles passing through and interacting with
matter acurately. The free software package includes all the processes e.g.
geometry, material, tracking, physics processes which govern particle in-
teractions, visulisations, etc. One can use the built-in routine interface or

define user interface according to one’s requirements [31].

In 1993 it was proposed by European Organization for Nuclear
Research (CERN) and High Energy Accelerator Research Organization
(Japan) known as KEK to develop the existing GEANT3 program [32]
which was in FORTRAN into a new toolkit by writing it in C++, to
meet more advance requirements. GEANT4 is the resiltant object-oriented
toolkit which provides comprehensive detector and physics modeling ca-
pabilities. The core of GEANT4 is a set of physics models to handle the
interactions of particles with matter across a very wide energy range. The
GEANT4 Collaboration takes care of its development maintenance and
provides documentation and user support. Documentation includes instal-
lation, user and reference guides, and a range of training kits. It is intended

to cover the need of the beginner through to the expert user who wishes to
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expand the capabilities of GEANT4 [31].

The physics results are made transparent by exploiting Object Ori-
ented Technology in GEANT4 physics processes. For example the final
state of a process can be computed by the energy range, the particle type,
the material. GEANT4 provides a number of processes in which a par-
ticle interact with matter e.g. electromagnetic, hadronic, decay, optical
process etc. The electromagnetic physics manages lepton (electron, muon)
physics, gamma, x-ray and optical photon physics. The hadronic physics
offers both a data and a variety of theory driven models for physics be-
yond test-beams energies, as well as treating low energy neutron transport.
The Run, Event and Track management allows the simulation of the event
kinematics, together with primary and secondary tracks. Visualisation and
User Interface allows to interact with sophisticated GUIs or command line

and batch systems.

Since GEANT4 toolkit provides both full and fast MonteCarlo sim-
ulation of detectors. It has great uses in High Energy Physics. It is de-
signed to take into account also the requirements of space and cosmic ray
applications, nuclear and radiation computations, heavy ion and medical

applications.
2.6 Distribution Function for Isotropic Source

As the proportionality constant or geometric factor is valid only for
an isotropic flux it is easiest to calculate when an isotropic source is used.
In order to demonstrate that the GEANT4 source is itself iostropic the
distribution function was checked and it was shown that the flux produced
by the source used was isotropic. To calculate this distribution function an
isotropic source of radius 1 mm was placed 21 cm away from a flat detector

array with an axial angle 6 between 0° to 30° and azimuthal angle, ¢,
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z-axis

Figure 2.8: Isotropic source and array of detectors with in-
creasing solid angle for each disk. All detectors are located at
the distance 1=21 cm from the source but they are displaced
axially on this figure for clearity.

randomly chosen in the range from 0° to 360° (a solid angle of cone angle
of 0.8415 steradians). An array of detector disks with increasing diameters
from 2 cm to 26 cm with 1 cm increase in diameter fom one disk to the
next was placed on axis as shown in Fig.2.8. Each detector was placed 21
cm apart from the source i.e I=21 c¢m one by one. The total number of
events used were 100,000 for each run. The distance between the source
and the detector edge varies with increasing radius as r = \/m, where

R is the radius and 1 is the distance of the detectors from the source.

Since the source is very small as compared to its distance from the
detector it can be taken as a point source. As the diameter of the detectors
increased with radius so does the total solid angle of each detector seen
from the source as shown in Fig.2.9. The solid angle subtended by a disk

of radius R can be calculated as:

l
V12 + R?

For small values of 0, it can also be calculated as:

Q=2n(1- ) (2.5)
Q = 71sin6 (2.6)

The source was made to emit particles over a limited solid angle range for
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Figure 2.9: Isotropic source with limited axial angle.

0 from 0V to 30" and ¢ from 0 — 271, so the total solid angle subtended by

a disk shaped detector which covers the whole beam is given by
Q = 27(1 — cos30) = 0.8415srad (2.7)

The solid angle for each detector ring with increasing value of radius R

is given by

l [

where R and Rp are the radii of detector rings 1 and 2, respectively. It

AQ) = 271(

(2.8)

should be noted that each detector has same distance 1 from the source and

they are replaced one by one for each run.

Table 2.3 lists the flux observed (F,us) by the simulation, the ex-
pected flux (Fexp) and the solid angle of each detector. The number
of particles hitting the detector of radius R observed by simulations and
the expected number of particles versus radius of the detector are plotted
in Fig. 2.11. It can be seen that the observed number is in good agree-
ment with the expected flux for each ring detector of radius R. The flux
per steradian for an isotropic source is a constant quantity. Therefore, it is
expected that the change in flux per steradian of solid angle should be the
same for all detectors and the plot of flux per steradians vs R should be a

constant line. The expected flux per steradian and the observed flux per
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’ R ‘ Q(smd) ‘ Fobserved Fobserved/Q ‘ Fexpected

1 0.0071 836 117612 844
1.5 | 0.0160 1812 113538 1896
2 0.0283 3200 113120 3360
2.5 |0.044 4990 113322 0231
3 0.0631 7186 113851 7498
3.5 | 0.0854 9848 115253 10151
4 0.1109 12643 113989 13176
4.5 10.1394 15918 114188 16561
) 0.1708 19551 114482 20288
5.5 | 0.2049 23351 113961 24342
6 0.2416 27567 114087 28705
6.5 | 0.2808 32329 115130 33359
7 0.3223 37025 114888 38285
7.5 | 0.3659 41914 114563 43464
8 0.4114 47420 115260 48876
8.5 | 0.4588 52699 114869 54502
9 0.5078 58435 115082 60322
9.5 | 0.5582 63955 114565 66319
10 0.61 70100 114911 72472
10.5 | 0.663 76165 114880 78764
11 0.717 82668 115300 85177
11.5 | 0.7718 88837 115098 91694
12 0.8276 95275 115145 98299

Table 2.3: Observed flux and the expectected flux for each
detector ring of outer radius R
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Figure 2.10: Plot of the flux per srad observed by simulation
and that expected for an isotropic source for each disk of radius
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Figure 2.11: Plot of the observed flux obtained by simulation
and that expected for an isotropic source for each detector ring
vs radius R.
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(R [ AFy, [AQ [AFu/AQ |

1 976 0.009 109663
1.5 | 1388 0.012 112846
2 1790 0.016 114013
2.5 | 2196 0.019 114974
3 2662 0.022 119372
3.5 | 2795 0.026 109608
4 3275 0.029 114912
4.5 | 3633 0.031 115701
5 3800 0.034 111437
5.5 | 4216 0.037 114877
6 4762 0.039 121480
6.5 | 4696 0.042 113157
7 4889 0.044 112133
7.5 | 5506 0.046 121011
8 2279 0.047 111371
8.5 | 5736 0.049 117061
9 5520 0.050 109524
9.5 | 6145 0.052 118629
10 6065 0.053 114434
10.5 | 6503 0.054 120426
11 |6169 0.055 112573
11.5 | 6438 0.056 115791

Table 2.4: Incremental change in flux AF for each additional
axial ring and solid angle AQ) for each axial ring.
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steradiansby simulations are plotted versus radius of the detector in Fig.
2.10. Fig. 2.10 shows that the observed flux per steradians with respect to
R is in agreement with the expected flux which indicates that the source is

indeed isotropic.

2.7 Geometric Factor

A particle telescope consists of an entrance aperture, which allows par-
ticles to enter, a shielded body and detector elements. Often semiconductor
detectors are used as sensors to measure the energy of the particles. The
number of particles can be characterized and counted as they pass through
the telescope. The particle flux can be calculated from the number of counts
per unit time and acceptance aperture of the detector. The counting rate
of any particle telescope depends upon the effective dimensions and relative
positions of the sensors, the intensity of radiation in the surrounding space
and the detection efficiency of the sensors. For an ideal telescope, the factor
of proportionality relating the counting rate to the particle flux intensity
is defined as the gathering power of the telescope. When the intensity is
isotropic, the factor of proportionality is called the geometrical factor. The
geometric factor is an important parameter of an instrument that specifies

the shape and relative orientation of the source emitting radiation [33].

To convert the counts as a function of energy, angle and particle
species into physical quantities such as flux and intensity, the total geomet-
rical factor of an instrument must be known. The intensity, I, of incident

particle distribution is related to the detector counting rate, C, as
C=0GI (2.9)

where G is the geometric factor
It is an important task of space scientists and nuclear physicists to
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be able to compute the intensity of radiation given the coincidence counting
rate and the parameters of the instrument in an unknown radiation envi-
ronment. So the calculation of geometric factor is important application
in the analysis of data for a wide variety of experiments involving particle

detectors.

2.7.1 Geometric Factor of two circular elements

For an isotropic source the geometrical factor depends only on the ge-

ometry of the telescope, i.e.

G :/dw /d(f.ff (2.10)
Q s

The directional response function of a telescope, A (w), can be defined

as as
Alw) = /da’.ff (2.11)

s

where, A = fst, is the surface area of the detector. So the directional
response function can be visulized as the overlapped area between the detec-
tors when one is parallel projected onto the other from direction w. It has
been eveluated from the symmetry of axis that A(w) = A(6,¢) = A(6),

with no ¢ dependence [9].

For a telescope defined by two circular detectors of radii R1 and R2
respectively separated by a distance L as shown in Fig.2.12, the geometrical

factor has been evaluated as [9]:

1 1/2
G = Ri2+R?+ 12— [(R2+ R2+ 12" —4R2R7] | (2.12)

By expanding and taking only the first order term for the case L > Ry, Ry

gives
A1 Ay
T RP4 RE+ 12

(2.13)
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Ry

Figure 2.12: Two circular element particle telescope. [9]
2.7.2 Geometric Factor for three circular elements

For a telescope defined by three circular detectors of radii Ry, Ry and
R3 separated by distances of Lip, Li3 and Ly3z as shown in Fig. 2.13,
the geometrical factor calculations become more involved. The Geometric

factor,Gip3, for the distinct three-element telescope can be evaluated as [9]
G123 = G13 — angsin20 + 223(9) + Z12(9) — Z13(9) (2.14)

where

42
Zij(«) :/0 2mtsinf A;do (2.15)

where, Aj; is the directional response function of any two of the three

elements of the telescope.
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Figure 2.13: Three circular element particle telescope. [9]
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Chapter 3
High Energy Head (HEH)

This chapter is dedicated to describing a detailed simulation model
of the High Energy sensor Head (HEH). The simulations have been im-
plemented in GEANT4 and detector response functions to the proposed
electron and proton measurement values have been modeled to optimize
the design. For these simulations the Electromagnetic Physics package of
GEANT4 was used. This package includes basic energy loss and scattering
interactions but does not include nuclear physics interactions which start
to become important for protons above approximately 50 MeV. Thus if
these aditional nuclear interactions were included there would be approxi-
mately a 10% decrease in channel efficiency for protons around 100 MeV.

The inclusion of these aditional corrections is the subject of future work.
3.1 HEPT Design

The HEPT was designed to be one of the instruments to be mounted on
ORBITALS which was aimed to measure electron and ion populations in
the magnetosphere as well as dynamic electric and magnetic fields, waves
and cold plasma to better understand space weather in the near-Earth en-
vironment. HEPT was designed to measure the angularly resolved high
energy protons (3 - 120 MeV) and potentially energetic light ions and elec-

trons.
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The geometry, detector assembly and sweeping magnet design of
HEPT was based on the PROTEL detector on the CRRES mission. The
design was carried out using extensive high energy particle physics simula-
tions using the GEANT4 Monte Carlo simulation code. Starting from the
PROTEL design more detectors were incorporated to obtain higher energy
resolutions and a higher geometric factor was used to give higher sensitivity
to lower count rates. HEPT included two telescopes providing 2D cover-
age of energetic protons from 3 MeV to 120 MeV once per satellite spin.
The measurements of very-high-energy inner belt and solar proton events
were made possible by using a stacked silicon detector assembly and appro-
priate logic circuitry. The final baseline design comprised a High- Energy
Head (HEH) sensor with a FOV of 36° and a Low-Energy Head (LEH)
sensor with a FOV of 18°. It was required for the HEPT to be mounted
in such a way that the FOV is unobstructed and the distance from the
FGM (Flux Gate Magnetometer) is maximized to avoid interference from
HEPT’s shielding magnets. The HEPT might also examine the energetic
electrons using the HEH sensor with energy coverage from 3 MeV to 26

MeV.

The LEH and HEH instrument designs are based on silicon detector
stacks, which are located in detector cavities that are surrounded by metal
shields. The shields prevent particles incident from outside the desired
acceptance cone angle of the instrument from depositing energy in the
detectors. The metal layers have been chosen to optimize this shielding
process and limit the number of protons and electron that reach the detector
stack from outside the defined Field Of View (FOV). These instrument
heads are cylindrically symmetric except for the magnet sections in the
LEH, which is intended to sweep out low energy electrons that enter the

aperture of the HEPT.

41



The HEPT design is designed to be more sensitive and accurate than
previous proton telescopes. The binning of deposited energy is defined for
approximately 24 logarithmically-spaced energy channels in the range of
3 MeV to 120 MeV for the protons and 5 logarithmically-spaced energy
channels in the range of 4 MeV to 26 MeV for the electrons. The optimum
channel resolution, detector stack design and shielding have been be de-
termined through simulation models in GEANT4 [31] before implementing
a qualification test model to verify performance in a suitable environment

and beam tests.

The count rate designed for is 20,000 proton counts per second in a
quiescent proton flux environment at an altitude and orientation of maxi-
mum flux. The detector is designed to be able to measure 200,000 proton
counts per second during high flux events without saturation. It is expected
that our average count rate in the majority of the proton radiation belt will
be in the neighbourhood of a few thousand proton counts per second. Sim-
ilarly we expect solar maximum electron count rates for energies of 3 MeV
and above of the order of a 2500 electron counts per second near L = 4.
These count rates are based on the NASA AP-8 MAX and AE-8 MAX mod-
els and the CRRESELE Max model. The higher maximum count rates has
been predicted up to the order of approximately 50,000 counts per second
at L = 4 for electrons above 2 MeV during solar maximum [10], which is

still well within the 200,000 counts per second range of the detector.

3.2 HEH

A high energy sensor head as implemented in GEANT4 simulation is
shown in Fig. 3.1. A stack of silicon detectors is arranged in sequence to
measure the particle energy based on the stopping power of that particle.

The method of coincidence detection has been used to assure that the
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energy deposition occured from a particle that enter from the designed
FOV of the instrument. A front coincidence detector has been used for
HEH. Only protons of energies greater than about 25 MeV can reach the
detector stack through an entrance plate placed after the entrance cone
of the instrument. Every proton that results in the counting of an event
must pass through this detector to trigger the logic for the detector stack.
This actively limits the acceptance angle to 36° giving a geometric factor
of approximately 0.42 cm?srad as will be discussed later in this chapter.
The low energy particles deposit their energy in the first three detectors
of the stack and the binning requirement for the particular bin is fulfilled
according to the logic for that bin. If a proton of high enough energy is
incident from the side or the back of the instrument it will pass through
the shield and deposit some energy in the detectors but in most cases it is
unlikely to deposit the correct amount of energy in the sequence of stack
detectors so will not result in an increment of the count of any of the energy

bin counters.

The detector cavity of high energy head is not as heavily shielded
as that of the low energy head but the angular coincidence requirement
reduces the effects of spurious events greatly. The cutoff energy, 72 MeV,
for side incident protons is achieved with detector shielding of 1.5cm thick
aluminum housing enclosing 0.25 c¢m thick tungsten. Electrons are cut
off below 8 MeV by the side shielding. A 1 cm copper plate is added
to the back and the back silicon detector used together to eliminate back
penetrating high-energy particles. A signal on the back silicon detector will
reject any signals being processed. The copper plate could be replaced by
a lower activation material of equivalent mass and stopping power, such as

tantalum, in an optimized design of the detector.

The high energy electrons in the range of 3 MeV to 26 MeV can be
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Figure 3.1: The HEH sensor as implemented in the GEANT4
simulation

measured simultaneously along with protons with the HEH. The addition
of aluminum spacers reduces the logic for both proton and electron energy
binning and reduces the voltage requirements, cost and complexity associ-
ated with very thick silicon detectors that would be required to achieve the

maximum 120 MeV measurement which is the goal of HEPT.

3.2.1 Energy Deposition in Silicon Detectors

The scattering within the detector, especially for electrons, reduces the
efficiency of detector from 100 % to measure an incident particle entering
the FOV. In order to get significant information on both the energy depo-
sition statistics in the detector heads as well as the counting efficiency for

particles the HEPT detector heads have been simulated in GEANT4.

By using the stopping-power of silicon acquired from the NIST [34]
the average energy deposition of protons and electrons in the silicon de-
tectors has been calculated as a function of position.The generated charge
distribution is calculated by assigning one charge pair generated for every
3.6 eV of energy that is deposited in the silicon. Using this relationship
a proton with 1 MeV of kinetic energy that is completely stopped in a
detector element will generate almost 280,000 charge pairs.

The high energy head measures the energies ranging from 27 MeV
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Figure 3.2: Proton energy deposition versus incident proton
energy through the front aperture in the HEH by simulation.

to 120 MeV and comprises the last 9 of 24 logarithmically spaced energy
bins. The average amount of energy deposited in each silicon detector is
shown in Fig. 3.2. The line is the mean deposited value and the error
bars represent the standard deviation of the calculated energy deposition.
For protons the deposition of energy into the next silicon detector in the
sequence coincides with a point from which the next channel is turned
on. This is achieved by chosing appropriate thicknesses of the aluminum
spacers along with detectors. Table3.1 lists the detector stack thicknesses

and aluminum spacer thicknesses used to calculate the deposition curves in

GEANT4.

Further improvement in the HEH detector stack may be possible
with higher density tantalum spacers in place of the aluminum initially
chosen as shown in Fig. 3.6. Tantalum reduces both the detector length and
net angular scattering of the electrons in transit within the detectors. Fig.

3.6 shows a schematic of HEH with tantalum spacers used in simulations.

The detector responses to incident electrons modeled for the HEH
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Detector No. | Thickness

(pm)
1 500
2-11 1500

Spacer 1 200
Spacer 2 2562
Spacer 3 350
Spacer 4 960
Spacer 5 1700
Spacer 6 2758
Spacer 7 4155
Spacer 8 5870
Spacer 9 8380
Spacer 10 11600

Table 3.1: HEPT detector and Aluminum spacer thicknesses
for HEH case

in GEANT4 is shown in Fig. 3.3. It is clear that scattering of electrons in
the detector and spacer plates has reduced the actual number of electrons
detected within a given energy bin and thus only a fraction of the electrons

penetrate deeply into the detector and are counted.

Proton logic bin channels have been defined for each of the detector
elements D2 to D10 and the key defining logic threshold values used in
terms of deposited energy are given in Table 3.2 for the protons. In case
of heavier particles, e.g. a-particles, the amount of energy deposited would
be higher than by protons. The logic table would reject such particles so
they will not be counted. The detector thicknesses and spacer thicknesses
are chosen to give a sharp turn on of each additional detector channel given
by the steep rise in deposited energy in each successive detector element.
This leads to a robust design which reduces the background noise and
additional baseline noise introduced by the much lower electron signals.
This design is also robust against degradation in detector response due to

radiation damage since it is based primarily by density penetration depth
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Figure 3.3: Simulation of electron energy deposition in the
HEH of HEPT versus incident proton energy through the front
aperture with the channel numbers indicated in the figure. The
line is the mean value of the energy deposition.

which does not change with response degradation area. Table 3.3 gives the

detector logic threshold values for electron energy channel bins.

Using these logic bin variables, energy channels have been defined
for the protons and electrons. The detection efficiency per incident proton
and electron within each such energy channel is shown in Figs. 3.5 and
3.4 respectively. Since the protons do not scatter significantly very well-
defined channels are obtained as seen in Fig.3.5. Significant scattering
occurs for the case of electrons and lower energy electrons < 8 MeV suffer
large scattering losses from the 2.762 mm thick aluminum degrader plate
at the entrance of the detector. This reduces the counting efficiency for
these electrons to less than 10 %, but this reduced detection efficiency is
beneficial in reducing the perturbation of a very large number of lower
energy electrons on the lower energy proton channels and in extending the
peak dynamic range for detection of anomalously high multi MeV electron

fluxes during magnetic storms.
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Figure 3.4: Detector Channel efficiencies for the High Energy
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Tantalium Spacers

Figure 3.6: Tantalum HEH sensor as implemented in GEANT4
simulation

3.2.2 Counting Rate for Proton Detection

Fig. 3.7 from the AP8-MAX model [5] the maximum proton counting
rates occur approximately at L = 1.5 R with count rates of the order of 2000
counts per second (cps) on the first detector element for proton energies
above 26.9 MeV as shown in. The CRRESPRO-active proton flux model
shown in Fig. 3.8 also predicts count rates of the order of 3000 counts per
second on the first detector element for proton energies above 26.9 MeV.
Digitization of a proton event is triggered by a valid count on the first
detector element above 1.4 MeV together with a coincidence detector signal
above 0.4 MeV on the coincidence detector to ensure that the particle has
entered from the front aperture. Thus proton digitization will occur only
at a rate of 2000 - 3000 cps under average solar maximum conditions. This
allows an additional factor of 70 to 100 times dynamic range for extremely
strong magnetic storms at a maximum count rate of 200,000 cps and an
extra dynamic range of 170 to 250 times if we can achieve a maximum count
rate of 500,000 cps. It is important to noted that very large increases in

proton fluxes have been previously reported during magnetic storm events.
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Electron Differential Channels
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Figure 3.9: Differential electron channel
3.2.3 Counting Rate for Electron Detection

As described earlier, a very significant scattering occurs in the detector
and spacer elements for the case of electrons leading both to reduced detec-
tion channel efficiency and to significant counting of higher energy electrons
in lower energy channels since they can be scattered sideways in an earlier
detector element. The resulting effect is that each detector element channel
has a long tail as can be seen in Fig.3.4. Each channel acts somewhat like
an integral channel detecting electrons above a threshold energy. Thus, in
order to define more distinct energy bins these energy channels must be
differenced again. Such a differencing algorithm has been developed and
the resulting energy channels are shown Fig.3.9 and tabulated in Table 3.5
based on appropriate combinations of the above energy channels, given in

Table 3.4.

It can be seen that the efficiency is low for the lower energy bins but
this can compensate the much higher expected count rates for electrons in
the lower energy bins and avoids saturation effects during the peak solar
storm periods. Note that each real channel has a relatively sharp turn

on threshold since electrons below a minimum energy cannot penetrate
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DC1 | DC2 | DC3 | DC4 | DC5 | DC6

Chl|1 0 0 0. 0 0.
Ch2|-09 |1 0 0 0 0
Ch3{02 |-055]1 0 0 0
Ch4|-01 0.2 -092 |1 0 0
Chb|0 0.02 | 0.15 |-0.85]|1 0
Ch6|0 0 0.08 | 0.15 |-0.80 |1
Ch7]|0 0. 0. 0.50 | 1.30 | -1.5

Table 3.4: Detector channel weighting functions for electron
energy bins

Differential | Centroid | Range FWHM | Percentage
Channel (MeV) (MeV) width
DC1 3.7 3.0-4.5 40%

DC2 5.7 4.1-7.3 56%

DC3 8.4 6.9-9.7 33 %

DC4 11.1 9.0-13.2 38 %

DC5 15.15 12.6-17.7 34 %

DC6 >16.4 >16.4

Table 3.5: Electron bin channels obtained by differencing of
real detector channels
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Figure 3.10: Figure shows 100 protons at energy 150 Mev pen-
etrating through the side walls of the detector. The proton
beam is placed at position above detector element D2.

through the integrated detector to arrive at the deeper detectors which
gives the signatures for the existence of high energy electrons above the

detection threshold for each detector channel.

Spurious events due to penetration of energetic particles from the
side occur at a low count rate due to the thick wall shielding which will
block protons below 72 MeV and electrons below 8 MeV. Furthermore
these spurious events would also have to simultaneously trigger all the
intermediate detector elements in order to be counted as a real event thus
lowering the probability of such single spurious events being counted. Fig.
3.10 shows 100 protons penetrating from the side shielding at energy 150
MeV. The gun source was placed at position above the detector D2. Fig.
3.11 shows the energy deposition versus incident energy of protons from

the side walls of the detector.

There are a number of models describing the maximum electron
count rates expected during solar maximum and magnetic storm events. It
is important to take into account magnetic storm events which are some of

the prime events which we wish to characterize with the ORBITALS mis-
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Figure 3.11: Plot of energy deposited in the detector elements
versus incident energy of protons from the side shielding show-
ing that maximum energy is deposited in D2, since the beam
source was place above D2.

sion. For this purpose HEPT is designed to take into account the maximum
electron and proton rates expected. Fig. 3.14 gives a plot of the solar maxi-
mum electron count rates expected from the AE-8 MAX model [6]. Also for
comparison the electron fluxes predicted by the CRRESELE MAX model
are given in Fig. 3.15. It can be seen that the peak count rates predicted
for electrons above 2 MeV, which is the lowest electron energy which effec-
tively can arrive at the first signal detector, D2, is on the order of 34,000
cps from the CRRESELE MAX model and the order of 26,000 cps from
the AE-8 MAX model. However, the actual count rate at the first signal
detector D2 is on the order of 20 times less than this since on the order
of 95% of the low energy electrons below 5 MeV are scattered out of the
acceptance aperture of the first signal detector (as can be seen from Fig.
3.9). Thus the expected count rates for the lowest energy electron channel
(3.0-4.5 MeV) is of the order of 2,000 cps based on the CRRESELE MAX

model or a factor of 100 times below the current maximum count rate of
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Figure 3.12: Plots of electron flux showing the daily average
omnidirectional integral flux for the highest signal cases of CR-
RES, GOES and LANL ©2000, IEEE [10].

200,000 cps. However, this large dynamic range is required to cover the

sharp increases which can occur during strong magnetic storms.

The required extra dynamic range can be estimated from highest
data ever observed from the CRRES and GOES missions. Peak flux data
has been fit by Fennell et al. 2000 [10] as shown in Figs. 3.12 and 3.13.
Fig. 3.12 gives an exponential fit to the data and Fig. 3.13 is a scaling
with observation time to give the peak short time flux compared to AES-
MAX for L= 6.6. It is seen that the peak values are 53 times higher than
the AE-8 Max model for electrons above 2 MeV at L =6.6. These can be
used to estimate the maximum values which the ORBITALS mission might
see under similar conditions. The daily averaged omnidirectional integral

electron spectrum given by Fennell et al. [10]

F =234 x10 exp(—1.57 x Epev) electrons/cm? /s (3.1)

It was found from Fig. 3.13 that the peak flux for a short measure-

ment interval was 1.6 times higher than the daily average during the peak

o8



GOES > 2 MeV Electrons for 26 Mar - 8 Apr 71991

10

3

oy

]

E GOES

= 406

% 107 7

c

£

<

£ b

©10°L ]

5

w AE8

o

= 104 . ) . .
0.001 0.01 0.1 1 10

Days Averaged

Figure 3.13: Plots of electron flux scaling with observation
time during the peak flux period ©2000, IEEE [10].

storm period. Taking into account this factor of 1.6 and the geometric fac-
tor value of HEH detector 0.4 cm2 srad predicted integral flux of electrons

at L = 6.6 into our detector is given as

Fyev = 0.78 x 100 exp(—1.57 x Epgey) electrons/s (3.2)

The predicted count rate above 2 MeV would be approximately
34,000 cps entering our detector. From AE8- MAX the peak flux at L
= 4 is approximately 15 times higher than at L = 6.6 leading to an es-
timated peak flux of 510,000 cps entering the detector at L = 4. Due to
scattering of the electrons in the entrance degrader plate, only about 5% of
these electrons will trigger the first signal detector and thus the resulting
count rate of approximately 26,000 cps will be well within the 200,000 cps
maximum count rate of the detector. This is about 20 times the predicted

solar maximum flux from the CRRESELE model.
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Figure 3.16: GEANT4 simulation of the rate of false counts in
proton detector channels per electron from incident electrons

3.2.4 Electron and Proton Interference

The effect of even a high rate of fluence of electrons on the proton chan-
nels is small. Since the deposited energy per electron passing through a
detector element is on the order of 5 to 10 times less than a proton pass-
ing through the detector element, the trigger threshold for proton events is
set much higher at 1.4 MeV deposited for protons than for electron events
which is at 0.4 MeV. Electrons can scatter and can cause false trigger sig-
nals and false detector counts by scattering through the detector elements
at skew angles. The rate of false counts in the proton channels per inci-
dent electron has been estimated, for HEH with aluminum spacers, using
GEANT4 and is plotted in Fig.3.16 as a function of electron energy. This
count rate is less than and of the order of 0.1% for electrons in the range
of 8 MeV to 12MeV and of the order of 0.4% for electrons above 12 MeV
energy. From equation (3.2) corrected by a factor of 15 from L=6.6 to L=4
which is the worst expected case for the incidence rate of electrons above

8 MeV the expected electron rate is less than the order of 100 per second.
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Thus if the order of 0.1 percent of these electrons give false proton counts
this would lead to the order of 0.1 false counts per second which is close to
the expected noise floor of 0.1 cps for proton detection. Note, again these
electron flux rates are 20 times the normal peak values expected from the
CRRESELE MAX model and would represent an extreme case likely only

to occur once or twice during the ORBITALS mission.

3.3  Geometric Factor calculations for HEH

In space the particles can enter the detector at any angle within the
acceptance cone angle of the detector. Some particles coming at an angle
to the axis will stop in shorter axial distance and could appears as a lower
energy particles in some cases to the detector. In order to estimate the
geometric factor for HEH three approaches have been used as outlined in

the following sections.

3.3.1 Geometric Factor for Three Circular Elements

For the HEH case Ry, = 1.1766¢cm defines the limitting angle 6,,. Any
particle entring at this maximum angle cannot hit the last few detector
elements. In this case a three circular element geometry (shown in Fig.
2.13) is used to calculate the geometric factor. Since higher energy par-
ticles penetrate deep through detectors so far 70 MeV proton which can
penetrate up to D7 which is at distance L13 =14.83 ¢m from D1. By using
equation(2.14) the value of geometric factor for for 30 MeV and 70 MeV
is G = 0.42 cm2srad~—1. In this case Ry = 2.062cm, Ry = 1.1766¢m and
Rz = 2cm with distances Lip = 11.5 cm between D1 and D2, L3 = 14.83
cm between D1 and D7 and Lpz = 3.33 cm between D2 and D7. Similarly
for 105 MeV proton which penetrates upto D10 with L13=18.3223 ¢cm and

Lys= 6.8 cm the value of G= 0.33 cm~2srad—!. Thus the geometric factor
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is a function of proton energy for the present detector design.

3.3.2 1D Beam source for HEH

For the first calculation a 1D circular beam source was taken in the
GEANT4 simulation. The radius of the source is 3 ¢cm so that it is larger
than the opening of the entrance cone and it is placed 0.5 cm away from the
detector entrance. For the simulations a 1D beam with 100,000 particles
each of energy 30 MeV, 70 MeV and 105 MeV and with increasing angles of
incidence of from 0 — 209 in 2.5° increment were used. An example layout
plot from GEANT4 simulation is shown in Fig.3.17.

The particles are binned into 9 energy channels by applying the
standard energy bin logic as given in Table 3.2. When the particles enter
at some axial angle 6 their integrated axial range through solid is lowered
by a factor of cosf. Also they can enter the detector by scattering process
and through a thinner section of the front shielding window which can be
seen in Figs.3.17(a) and 3.17(b) which also lowers the energy of incident
particles. Thus some of the particles will not deposit energy in the correct
detector channel and may sometimes be counted in the wrong channel.
This will causes false count of particles. It is very important to estimate
false counts in order to characterize the detector response properly. The
incoming particles hit the detector and can go to the correct channel or
wrong channel. According to the acceptance logic three types of histograms

have been plotted as:

(i) Sum of counts in all channels versus angle
(ii) Counts in the correct channel versus angle

(iii) Sum of counts in the wrong channels versus angle for each energy.

Since the 1D beam makes an angle 6 with the axis, the effective

source area of the beam Agcceptance; which is the overlapping area of the
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(a) 1D beam source at an axial angle of 10° and fixed value of ¢ for the
HEH

(b) 1D beam source at an axial angle of 20° and fixed value of ¢ for the
HEH

Figure 3.17: 1D beam source as implemented in GEANT4 sim-
ulation
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source and the entrance window, is reduced by a factor of cosf. The effective

acceptance area for each angle has been calculated as

Aacceptunce(e) = (3.3)

n
F
where n is the number of counts that hit the detector and F is the flux per

unit area of the source, calculated as given below

F=— (3.4)

where A is the area of source and N is total number of events emitted
by the source.
The ith value of geometric factor for isotropic flux at a particular

energy can be calculated as
8i = Aacceptance(gi)ﬂei (3.5)

where Aaccept,mce(()i) and (), correspond to the ith value of acceptance area
and solid angle. In order to calculate the total geometric factor from 0°
to 12.59, it was assumed that Aacceptance() remains constant within an
angular range of (6 — 60) and (6 + 66), where 66 is taken as 1.25. For
example, the geometric factor from 0° - 2.5° has been calculated as

1.25 ) 2.5 )
sinfdf + Aacceptance(1.25—2.5) /125 Sl?l@d@)

(3.6)

21
g(O — 2.5) = /0 d(,b (Aucceptance(o—l.ZS) /0

So the total geometric factor, G, has been calculated by taking the sum of
the partial geometric factor, g, for a particular value of angle 6, as given

below

G = Zgj (3.7)
]

Fig. 3.18 shows a decreasing acceptance area of the disk source with

increasing incident angle. This decrease in overlapping area will decrease
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Figure 3.18: Diagram of tilted source layout used in the sim-
ulation showing how (a) effective source is smaller by a factor
of cosf, (b) Acceptance area, Agccep, of the source.

| Energy (MeV) | Angle (degree)
00 [ 259 59 | 750 10°] 1259 159 | 1750 | 200
30 MeV 429 14.29 39931 [1.96] .83 13 | .01 0
70 MeV 48649 [469]38 [275]1.75 |.8 17 0
105 MeV 6.02 [ 6.02 [5.96|5.14 [ 3.74[1.95 |0.87 .46 0

Table 3.6: Acceptance area for total number of counts for each
individual subangle

the number of particles hitting the detector i.e. a decrease in number of
counts. It is important to note that instead of using a tilted source, a source
with 1D beam tilted at certian angle has been used i.e. the beam is making
an angle with the source through which it is emitting. This geometry gives
approximately the same flux at small values of 8. Here it was assumed that
Aucceptance(0) remains constant within an angular range of (6 — 66) and
(6 + 36), where 66 is taken as 1.25°. The individual geometrical factor,
calculated by using Eqn.(3.5), for all the counts, the correct counts and the
wrong counts are listed in Table 3.7, 3.8 and 3.9 at each angle respectively.
Figs.3.19, 3.20 and 3.21 show the Agcceptance for corresponding angle at 30
MeV, 70 MeV and 105 MeV for all, correct and wrong channel counts. The
acceptance areas corresponding to individual subangle for 30 MeV, 70 MeV

and 105 MeV are listed in Table 3.6.

The geometrical factor calculated by 1D beam source for increasing

6 from 0 to 20° for total, correct and wrong counts is listed in Table 3.10.
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Figure 3.19: Effective Agcceptance from the GEANT4 simulations
for the counts detected in all channels vs angles for the HEH
case.
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Figure 3.20: Effective Agcceptance from the GEANT4 simulations
for the counts detected in the correct channels vs angles for the
HEH case.
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Figure 3.21: Effective Agcceptance from the GEANT4 simulations
for the counts detected in the wrong channels vs angles for the
HEH case.

| Angle [ 30 MeV [ 70 MeV | 105 MeV |

0Y- 2.59 0.0064 0.006 0.006
2.50- 50 0.05 0.057 0.072
50. 750 0.094 0.113 0 .142
7.5%-10° [0.113 0.14 0.182
109 - 12.59 | 0.094 0.132 0.176
12.59-15% | 0.05 0.1 0.115
159- 1759 | 0.006 0.057 0.062
17.59- 209 | 0 0.013 0.038
2092259 |0 0 0

Table 3.7: Individual geometric factor given by eqnuation (3.5)
for each sub angular range for the counts detected in all chan-
nels for the HEH case
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| Angle [ 30 MeV | 70 MeV | 105 MeV
00- 2,59 0.0064 0.00554 0.0056
2.59- 50 0.05 0.0525 0.05166
50_7.50 0.094 0.0999 0 .07445
750-10% [0.113 0.11526 0.10667
109- 12.5Y | 0.094 0.132 0.05966
12.59- 159 | 0.05 0.0543 0.00413
159-17.59 | 0.006 0.00588 0
17.59-20° | 0 0 0
209- 2259 [ 0 0 0

Table 3.8: Individual geometric factor for each sub angular
range for the counts detected in correct channels for the HEH

case
| Angle | 30 MeV | 70 MeV | 105 MeV

00- 2.59 0 0.000565 0.0021
259-50 o 0.00597 0.02
50_7.50 0 0.0119 0 .0439
75%-100 |0 0.0207 0.077
10%- 1259 | 0 0.0353 0.1188
12.59-15% | 0 0.0543 0.1109
15%- 1759 | 0 0.0511 0.620
17.59-20° | 0 0.013 0.0380
209- 2259 [ 0 0 0

Table 3.9: Individual geometric factor for each sub angular
range for the counts detected in wrong channels for the HEH

case

69




’ Energy ‘ Giotal ‘ Georrect ‘ Guwrong ‘
30 MeV | 0.41+0.0016 | 0.4140.0 0.00£0.0

70 MeV | 0.62£0.0022 | 0.4340.002 0.187+£0.0015
105 MeV | 0.79£0.0024 | 0.30240.0012 | 0.473+0.0022

Table 3.10: Total Geometric Factor for the all, correct and
wrong channel counts.

It is the sum of geometrical factors at each angle for a particular energy.

3.3.3  Geometric factor by taking an isotropic source with
limited angle for HEH

By using another approach for the second calculation of geometric factor
an isotropic source was used to produce isotropic flux. For such an isotropic
source most of the particles from the source will miss the detector and will
make the calculation inefficient. For a circular and cylindrical symmetry
the source angular range can be limitted between 0 and 6, to get more

efficient results. The maximum geometric acceptance angle is given by
0, = tan '(R1+ R2)/L (3.8)

This is shown on Fig.2.13. Ideally for an entrance cone defined by two disks
no count will be detected when 6 > 60, but due to scattering form the cone
and penetration of energetic particles from the front window shielding some

particles can still hit the detector and can contribute to false channels.

A circular disk source of radius 3 c¢m is defined to emit particles in
a solid angle 0.3789 srad by taking ¢ from 0-27t and 6 from 0-20°, where
20° is the maximum value of 6. From the approach used in section(3.3.2)
it can be seen that no count can be detected beyond this angle. Sources
emitting 100,000 particles, with energies 30 MeV, 70 MeV and 105 MeV
each, were used in the calculations. The particles will deposit energy while

passing through the array of detectors. After satisfying the logic table they

70



’ Energy ‘ Chotal ‘ Ceorrect ‘ Cuwrong
30 MeV | 3829 3829 0
70 MeV | 5827 4022 1805
105 MeV | 7472 3032 4440
Table 3.11: Counts in all, correct and wrong channels for

isotropic source with 20° halfwidth angle for HEH .

’ Energy ‘ Giotal ‘ Georrect ‘ Gwrong
30 MeV | 0.409710.0066| 0.409740.007 | 0 £0
70 MeV | 0.624£0.0082 | 0.431£0.007 | 0.19340.0045
105 MeV | 0.80£0.0093 | 0.325£0.006 | 0.475£0.0071

Table 3.12: Total Geometric Factor for the all, correct and
wrong channels for isotropic source with 20° halfwidth angle
for HEH.

can be considered as a count. From equation(2.9) the flux per unit area

per sterradian for the source solid angle 0.3789 is given by:

I = 9343.99cm?srad ! (3.9)

where I is the flux per unit area per sterradian. Table 3.11 and 3.12 lists
the number of counts and geometric factor for the all, the correct and the

wrong channels for isotropic source with 20° halfwidth angle for HEH.

3.3.4 Discussion

The two approaches in sections (3.3.2) and (3.3.3) shows that the total
geometrical factor is large when the energy of particles is high. However
the value of G for correct counts and wrong counts is comparable at high
energies. At these higher energies, processes such as scattering and pene-
tration through the edges of the apertures becomes important in creating
false counts. When a high energy particle enters the front window of the
detector it may be scattered by the walls of the cone and lose some of its

energy. This will be detected as a lower energy particle and will contribute
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in the wrong energy bin. High energy particles can also penetrate through
the edges of front shielding and again can be detected in the wrong channel

by losing some of their energy in penetrating through the shielding.

Particles entering at some angle 6 to the axis can also appear at
lower energy by a factor of approximately cos@, which will also contribute
to count in the wrong channel. This is seen to be the case for larger angles of
10% where more false counts are detected at 105 MeV than correct counts.
Thus for the higher energy channels a maximum cone angle of 20° total
width only may be useful. Larger cone angles primarily leads to larger

false counts.

A proton of 30 MeV deposits most of it energy in D2 detector simi-
larly 70 MeV proton deposits most of its energy in D7 and 105 MeV proton
in D10. The geometric factor calculated by [9] for D2 and D7 is G= 0.42
cm™2srad~! and for D10, G= 0.33 cm2srad~!. If we compare the re-
sults of the two simulation approaches used in sections (3.3.2) and (3.3.3)
with each other we can see that the values of G for correct channels are
in good agreement at, 30 MeV with an error 0.07%, 70 MeV with an er-
ror of 0.2% and at 105 MeV with error about 7.6% which indicates that
the basic summation technique over subangles is correct. In this case the
energies selected are not at the center but well inside the bin range. The
basic geometric calculations given in sections (3.3.1) show that for 30 MeV
and 70 MeV the values of G are in good agreement (2.4% error) with those
calculated by simulations in sections (3.3.2) and (3.3.3). For 105 MeV the
value of G in the correct channels have a discrepancy of about 9% from the
simple geometric calculation. This large values of G calculated by simula-
tions at high energy were expected since scattered particles deposit their
energy energy in any stack detector. At lower energies the particles can-

not penetrate through the edges of the entrance window but higher energy
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particles can penetrate through and can scatter and deposit energy even
if they do not enter the entrance cone of the instrument which may con-
tribute in increasing the value of G. Furthermore the higher energy protons
entering at larger angles or scattered from the sides deposited energies in
the lower channels and may be counted as lower energy particles leading
to false counts. But it appears that scattering of high energy particles
from around the entrance cone edge can also enhance the count rate in
the high energy channels leading to a large effective geometric factor than
expected. For the higher energy channels the GEANT4 calculations for
correctly counted particles show that approximately half the particles are

scattered into incorrect channels.

3.4  Conclusion

The observed value of geometrical factor is in good agreement with the
theoretical values. At high energies it has a 48% error for counts in HEH
as currently configured. At higher energies an increase in the value of G
could be due to the spurious events scattered by the inner walls or through
other detectors in the stack. The incorrect counts can be reduced by de-
creasing the acceptance angle of the entrance cone.The angular and energy
dependent data describes the detector response function in detail and in the
future could be used to correct raw measured data using iterative deconvo-
lution routines. However it appears that the large acceptance angle of the
current HEH design leads to many wrong counts at larger entrance angles
and thus these larger angles are not contributing effectively to the signal. In
this case future improvements probably should choose a somewhat smaller

entrance cone angle for the HEH.
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Chapter 4
Low Energy Head of HEPT

This chapter describes a detailed simulation model of the Low Energy
sensor Head (LEH). The simulations have been implemented in GEANT4
and detector response functions to low energy proton have been modeled.
For simulating LEH also, the Electromagnetic Physics package of GEANT4

was used.
4.1 LEH Design

The LE sensor Head comprises 5 silicon stack detectors along with an
anti coincidence ring. An aluminum foil filter of 80 um is placed before
the sweep magnet assembly as shown in Fig.4.1 to remove electrons below
a cut-off energy. Since the LEH provides low energy proton coverage the
logarithmic spacing is achieved by using the silicon detectors of thickness
listed in Table 4.1. The thickness of aluminum foil at the entrance is such
that it will allow protons with energies greater than 2 MeV to pass though,
eliminating a large number of low energy protons and electrons from the
background signal in the proton detectors. The sweeping magnet is also
used to divert the electrons away from the detectors. Such electrons can
also produce an enhanced background noise count. A field strength of 5

kG is employed which eliminates electrons < 3 MeV in the LEH.

The LEH is designed with heavy shielding that is intended to stop
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the largest possible number of off-angle protons from reaching the detec-
tor cavity and is especially thick for protons that are close to the correct
trajectory for correctly triggering the detectors as can be seen in Fig. 4.1.

The designed geometric factor of the LEH is 0.03 ¢cm? srad.

The instrument is well-shielded for the protons incident from the
sides. For protons incident at the detector stack assembly, directly normal
to the nominal beam axis, the shielding is provided by 0.5 cm of aluminum,
1 cm of brass or copper and 0.25 cm of tungsten. Protons of energies up
to approximately 110 MeV can be stopped by this amount of shielding.
Only a few hundred protons above 110 MeV are expected in the LEH every
second because based on the expected flux rate. Of these very few will
meet the energy and coincidence conditions to correctly be registered as a
proton of particular energy due to the coincidence requirement and energy
binning. The stopping power of 110 MeV protons does not include the
energy loss that protons will experience when passing through the skin of
the satellite or the other instruments. Thus the number of such spurious
protons will be further decreased. The shielding will also stop electrons
below an energy of 8 MeV. The number of higher energy electrons entring
the detector through the side shielding is estimated to be approximately
100 counts per second or even less than that [10]. Again, only a small
fraction of these will satisfy the require energy deposition conditions to be
counted as a proton. For proton measurements the shielding thickness of
the tungsten may be increased by another 2 mm in regions of high electron
background if required. Thus very clean measurements without electron

interference may be obtained.
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Figure 4.1: The LEH sensor head as implemented in the
GEANT4 simulation including detector positions and the
sweeping magnet assembly.

4.1.1 Enmergy Deposition and Logic Bin

For the low energy head, The protons of energy ranging from 3 MeV
to 26 MeV are measured by the low energy head in the first 15 of 24 en-
ergy bins as shown in the shaded bands in Fig. 4.2. Protons while passing
through the silicon detectors deposit a fraction or all of their energy and
each energy bin was determined based on the energy deposition measured
in each detector and a set of logic thresholds giving a unique range of signals
for each energy bin. Table 4.2 gives the low and high values for the allowed
energy range deposited by protons in the LEH to satisfy the logic require-
ments for each energy bin. This Table was developed by Craig Unick (Laser
Plasma Group, University of Alberta). These energy deposition tables are
based on relations for protons passing through silicon and aluminum. The
energy depositions for a particle stopping in a slab is linear and approxi-
mately equal to the incident energy. If the particle has sufficient energy to
pass through the slab the deposited energy reaches a maximum value and
then drops off sharply as the particle energy is increased. If a proton with
a certain energy deposits some energy within the allowed low to high range
of a particular channel it will be counted in that channel by incrementing in

the number of events counted by one. Fig. 4.3 gives the channel response
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Detector No. | Thickness
(um)
A/C Ring 1000

100

300

1000
2500

1000

Y | W I N~

Table 4.1: HEPT Silicon detector thicknesses for LEH case

function for incident protons in 15 well defined channels. It can be seen
that the model calculations predict high detection efficiency and channel

fidelity as compared to desired channel energy bins.
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4.2  Geometric factor calculations for LEH

In order to calculate the geometric factor for LEH three approaches have
been used. In the first approache the value of G has been evaluated from the
mathematical approximation proposed by [9]. The two other approaches
are based on the results obtained from the simulations. For the simulations
two different methods have been implementd by using GEANT4 toolkit [7].

The three approaches are outlined in the following sections.

4.2.1 Geometric Factor for Two Circular Elements

For LEH case the silicon detector stack has short length so two circular
element geometry can be used to calculate the geometric factor. For a
telescope defined by two circular detectors of radii Ry and Rj respectively
separated by a distance L, the geometrical factor has been evaluated from
equation 2.12. So the value of G, for LEH, for Ry = 0.95¢m and Ry, = 0.7cm
seperated by a distance L = 11.2cm is calculated as 0.0309 cm?srad. Here
Rq and Rjp are the radii of front opening window and the inner opening

window and L is the distance from R; to Rj.

4.2.2 1D Beam Source

For the first calculation a 1D circular beam source was taken in the
GEANT4 simulations. A circular source of radius 1.5 cm was placed at a
distance of 0.5 cm from the front entrance window of the detector. Since the
aperture of the front opening window is 0.95cm, the source area is larger
than the detector entrance aperture area which was flooded by the in-
coming particles. For the simulations a 1D beam with N=100,000 particles
each of energy 5 MeV, 12 MeV and 21.5 MeV each was used. The angle

of incidence of the 1D beam, 0, was increased from 0° to 12.5° with an
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Figure 4.2: Simulation of proton energy deposition in the LEH
of HEPT versus incident proton energy through the front aper-
ture with the channel numbers indicated in the figure.

increment 2.59. Fig. 4.4 shows an example layout of 1D beam source

emitting particles at 7.5°.

The particles are binned into 15 energy channels by applying the
standard energy bin logic as given in Table 4.2. When the particles enter
the detector parallel to the axis they are well-binned as shown in Fig. 4.3.
It can be seen that incident energies are well-binned in different channels
for particles entering at 0° along the axis. The assigned energy of the
particles is lowered by a factor of approximately cosf when they enter at
some angle 6 to the axis since their peneration depth is reduced by a factor
of cosf. There is also scattering of particles within the walls of the detectors.
Thus some of the particles may deposit energy in the wrong channel, so it
is important to estimate false counts as well to characterize the detector
response properly. The incoming particles hit the detector and can go to
the correct channel or wrong channel. According to the acceptance logic

three types of histograms have been plotted as:

(i) Sum of counts in all channels versus angle
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| Energy (MeV) | Angle (degree) |

00 | 259 50 759 [ 100 12.59
5 MeV 1.2310.91 | 0.45 [0.099 | 0.0026 | 0.0004
12 MeV 1.41 [ 0.99 | 0.489 | 0.094 | 0.0017 | 0.0006
22.5 MeV 1.47 [ 1.03 | 0.493 | 0.091 | 0.0037 | 0.0011

Table 4.3: Acceptance area for total number of counts for each
individual subangle for LEH.

1 T ch1
" Ch2

ch3
| cha
chs
chs
ch7
chs
1 che
Ch.10
ch.11
ch.12
{ch.13
Ch.14
Ch.15

08

o
o

o
B

Channel Efficiency

o
&)

: |

0 5 10 15 20 25 30
Incident Proton Energy (MeV)

Figure 4.3: Energy bins for LEH and GEANT4 simulation of
detector response function to particles on axis at 0° angle of

incidence.

(ii) Counts in the correct channel versus angle
(iii) Sum of counts in the wrong channels versus angle for each energy.

As stated earlier, the source makes an angle 6 with the axis, thus the
effective area of the source decreases as the incident angle of the source
increases so the over lapping area of the disk source to the inner entrance
hole decreases as shown in Fig. 3.18 which in turn will decrease the num-
ber of particles hitting the detector i.e. a decrease in number of counts.
Thus the acceptance area of the disk source to the entrance cone decreases
gradually with incident angle going from 0 to 12.5%. Table 4.3 gives the

acceptance area for each subangle from 00 to 12.5° for the all counts.
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Figure 4.4: 1D beam source for calculating the geometric factor
at an axial angle of 7.5° and fixed value of ¢ for LEH.

| Angle | 5 MeV [ 12 MeV 225 MeV |
00-2.59 0.0015 0.00176 0.001846
2.50- 50 0.011 0.0118 0.012290
50_7.50 0.0107 0.0117 0.011765
7.59-10° | 0.0035 0.00336 0.003252
109 - 12.59 | 0.000124 0.0001 0.000176
12.59-15% |0 0.000035 0.000065

Table 4.4: Partial geometric factor cm?srad for each sub an-
gular range for the counts detected in all channels for LEH
case

The partial geometrical factors for the all counts, the correct counts
and the wrong counts for each angular range are listed in Tables 4.4, 4.5
and 4.6 for each angle respectively. The total geometrical factor for all,
correct and wrong channel counts is calculated by summing up the partial
geometric factors and is listed in Table 4.7. It is the sum of partial geomet-
rical factors at each angle for a particular energy as listed in Tables 4.4, 4.5
and 4.6. One can see that at the highest energy the total geometric factor
is close to that of an ideal two aperture source but that approximately 6%

of the ideal value.
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| Angle | 5 MeV [ 12 MeV 225 MeV |
00-2.59 0.0015 0.00176 0.001839
2.50- 50 0.01062 0.0114 0.011574
50. 7.50 0.0105 0.0112 0.011216
7.5%-10° | 0.0034 0.0031 0.002966
109 - 12.59 | 0.0001 0.000005 0.000010
12.59-159 | 0.00 0.00 0.00

Table 4.5: Partial geometrical factor (cm?srad) for correct
counts detected for LEH

| Angle | 5 MeV | 12 MeV | 22.5 MeV |
0Y- 2.59 0.00 0.00 0.000005
2.50- 50 0.00038 0.0004 0.000477
50_7.50 0.0002 0.0005 0.000525
7.59-10° | 0.0004 0.00026 0.000286
10° - 12.59 | 0.000024 0.000095 0.000166
12.59-15% [ 0.00 0.000035 0.000065

Table 4.6: Partial geometrical factor (cm?srad) for wrong
counts detected for LEH

’ Energy ‘ Giotal ‘ Georrect ‘ Gwrong
5 MeV 0.02684-0.0001| 0.026140.0001 0.000740.000
12 MeV 0.02884-0.0001| 0.027540.0001 0.00129+0.000
22.5 MeV | 0.0294+0.0001| 0.02764-0.0001 0.0018
40.000

Table 4.7: Total geometric factor for the all, correct and wrong
channels by adding the individual GF' at each angle for LEH .
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Figure 4.5: Effective area versus incident angle of the source
4.2.3 Geometric Factor by Taking Isotropic Source

For the second calculation of geometric factor another approach for the
simulations with an isotropic source was employed to carry out the cal-
culations. A full isotropic source is fairly inefficient for such calculations
because most of the particles miss the detector. The source was made effi-
cient by limiting the angle between 0 and 6, which is possible for circularly
and cylindrically symmetric source. For this purpose a circular disk source
of radius 1.5 cm was defined to emit particles isotropically between 0° to
12.5% in a solid angle as calculated in equation (4.1). The sources emitting
100,000 particles at energies 5 MeV, 12 MeV and 22.5 MeV were used in the
simulations. The particles deposited all or a fraction of energy they carried
while passing through the array of detectors. The deposited energies were
analysed and if they satisfied any of the entries in the logic table given in

Table 4.2 they were considered as a count in a particular energy bin.

The source solid angle Q). and Flux per unti area per srad, Fn, are
erc — 0.148851’ﬂd. (41)

Fo = 95120.96cm 2srad ! (4.2)

Figs. 4.6, 4.7 and 4.8 show the Agcceptance calculated by equation (3.3)
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’ Energy ‘ Ctotal ‘ Ceorrect ‘ Cuwrong
5 MeV 2533 2471 62
12 MeV 2672 2575 97
22.5 MeV | 2764 2635 129

Table 4.8: Counts in all, correct and wrong channels for

isotropic source with 12.5° halfwidth angle for LEH .

’ Energy ‘ Giotal ‘ Georrect ‘ Guwrong ‘
5 MeV 0.0266£0.0005| 0.025940.0005| 0.0007=£0.000
12 MeV 0.0281£0.0005| 0.027140.0005| 0.0010+£0.00
22.5 MeV | 0.0291£0.0006| 0.0277£0.0005| 0.001440.00

Table 4.9: Total Geometric Factor for the all, correct and
wrong channels for isotropic source with 12.5° halfwidth an-
gle for LEH.

for corresponding angle at 5 MeV, 12 MeV and 22.5 MeV for all, correct
and wrong channel counts. Tables 4.8 and 4.9 list the number of counts
and geometric factor for the all, the correct and the wrong channels for the

isotropic source with 12.5° halfwidth angle for HEH.

4.2.4  Discussion:

The results obtained from the three approaches in sections (4.2.1),
(4.2.2) and (4.2.3 ) show that the values of geometrical factor are in good
agreement with each other. If we compare the results of the two simulation
approaches used in sections (4.2.2) and (4.2.3) with each other we can see
that the values of G for the correct channels are in good agreement. At, 5
MeV with an error 0.75%, 12 MeV with an error of 1.5% and at 22.5 MeV
with error about 1.0% which indicates agreement within the error bars of

the calculations.

If we compare the two simulation aproaches with two aperture cal-

culation it can be seen that at 5 MeV there is about 8% error between
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Figure 4.6: Ajgcceptance for the counts detected in all channels vs
angles for LEH case.
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Figure 4.7: Agcceptance for the counts detected in correct chan-
nels vs angles for LEH case.
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Figure 4.8: Agcceptance for the counts detected in wrong channels
vs angles for LEH case.

the three, at 12 MeV the error is reduced to 1% and at 22.5 MeV there is
further decrease in error about 0.3%. Since at low energies the scattering
can reduce the energy of the particle or deflect the particle out of the beam
thus reduces the number of correctly calculated particles which in turn will
reduce the value of G. If this deposited energy is less than the lower limit of
the logic bin it may reduce the number of events detected. Thus reducing

the value of G.

Also it is observed that the contribution from the incorrect counts
to G is very small about 2.5 % for LEH case. This is because of the small
acceptance angle of the cone angle for LEH which minimizes scattering into
lower energy channels. Particles at an angle 6 along the axis reduce their
observed range by a factor of cosf. However, since only particles at small
angles can enter through the entrance window thus the decrease in range is
very small. For the present calculation we have taken the central energy of
an energy bin e.g. 5 MeV, 12 MeV and 22.5 MeV, so that a small decrease
in energy may not affect the particular binning energy range. Therefore,

there is very small contribution to the incorrect channels in LEH case. A
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more detailed calculation should take into account a weighted average of
different energy particles in a given bin where those close to the bottom
of the energy bin may have increased false counts. However, it is expected

that this will be small correction factor to the above results.

4.3  Conclusion:

The observed value of geometrical factor is in good agreement with the
theoretical value at low energies with an error of about 1.5% for LEH as
currently configured. The incorrect counts can be reduced by decreasing
the acceptance angle of the cone but the current level of accuracy is deemed
acceptable for LEH design. Also the angular and energy dependent data
describes the detector response function in detail and in the future could be

used to correct raw measured data using iterative deconvolution routines.
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Chapter 5

HEH Prototype

5.1 Prototype Tests

A prototype detector head was designed, fabricated and tested at TRI-
UMEF by Henry Tiedje in the Laser Plasma Research group. In this chapter
detailed simulation modeling, experimental design of the prototype High
Energy Head and results obtained from the experiments performed at the

TRIUMF proton accelerator facility will be presented.

5.1.1 Design Modeling of Triumf prototype

A prototype detector design was proposed for the HEH with a reduced
number of silicon detectors. In order to optimise the design, it was necessary
to test the design using GEANT4 simulations. For this purpose a flexible
layout using 4 silicon detectors and 3 degraders was proposed as shown
in Fig.5.1. With this design any combination of detector elements in the
HEH of the form D2, D3, Dx, Dy could be simulated in the prototype
detector. The first degrader is 3.175 mm thick aluminum disk which is
placed in front of the first two detector elements D2 and D3. Degraders
2 and 3 are placed between D4 and D5 respectively. The thickness of the
first aluminum degrader is adjusted in such that it replaces spacer 1 and 2

and detector element D1 of the detailed HEH design.

The reduced design was congigured to work as D2D3D4D5, D2D3D6D7,
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Figure 5.1: HEH prototype with four stack detector elements.

| Degrader2 (mm) | Degrader3 (mm) | Configuration |
Tantalium 0.127 | Tantalium 0.254 | D2D3D4D5
Tantalium 1.524 | Tantalium 0.762 | D2D3D6D7
Copper 5.895 Tantalium 1.499 | D2D3D8D9
Copper 12.324 Tantalium 2.921 | D2D3D10D11

Table 5.1: Degraders thickness and materials used to achieve
proper configuration

D2D3D8D9 and D2D3D10D10 configurations by changing the thickness of
the degraders 2 and 3. The thickness of degraders was adjusted by sim-
ulating the equivalent amount of energy deposited in each stack element
detector and spacers of the detailed design for each configuration. For
D2D3D4D5 and D2D3D6D7 configurations the degrader 2 was made of
tantalium while to achieve D2D3D8D9 and D2D3D10D11 configurations
copper was used in the degrader 2 material. Table 5.1 lists the thicknesses

and the materials used for different configurations.

Working of TRIUMF Prototype

In order to check that the reduced design of the TRIUMF prototype

performs similarly to that of the detailed HEH design of HEPT, simula-
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(a) Plot of energy deposited versus incident energy of proton for
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Figure 5.2: Energy deposited versus incident energy in sili-
con Detector elements for (a) D2D3D4D5 and (b) D2D3D6D7
,configurations.
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Figure 5.3: Energy deposited versus incident energy in silicon
Detector elements for (a) D2D3D8D9 and (b) D2D3D10D11
configurations.
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tions were performed by making D2D3D4D5, D2D3D6D7, D2D3D8D9 and
D2D3D10D11 configurations by changing the thickness and materials of
degraders 2 and 3, as indicated in Table 5.1. Energy deposited vs incident
Energy and the channel response function were plotted and compared with
the detailed design. Figs. 5.2 and 5.3 show the energy deposited in the
detectors for different configurations, used. Figs. 5.4 and 5.5 show the
channel efficiency for all the configurations obtained by passing the signals
through the same logic as for the case of HEH. It can be seen from the
energy deposition and channel response function plots that the reduced

design works very well and is similar to the detailed design of HEPT.

5.2 HEPT Experimental Design

The HEPT proof of principle sensor uses the same sensor elements as pro-
posed for the final HEPT detector. Each silicon detector element is 1.5
mm thick and is installed on a space qualified mounting element. The four
silicon detectors in the prototype HEH are mounted on aluminum support
rings with nylon screws as shown in Fig.5.6. The support rings are held
in grooves inside an aluminum cradle which is split into two halves. The
annular grooves are machined at 0.4 inch intervals along the length of the
cradle, so that detectors and degrader spacers Fig.5.6 are mounted at inter-
vals along the axis of the detector stack. Each detector has a ribbon cable
for connection to the detector amplifier printed circuit board (PCB). A
channel for the ribbon cables is provided by a slot in one cradle half. The
detector amplifier PCB is installed in an aluminum shielded box Fig.5.7
adjacent to the detector head mounted on the same main base plate. The

ribbon cables terminate at connectors on the amplifier printed circuit board

(PCB).

The detector stack is housed inside both aluminum and tungsten
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Figure 5.6: Figure shows aluminum support rings to mount
silicon detectors and degraders

Figure 5.7: Front view of HEH prototype with reduced stack
detector elements.
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cylindrical shielding layers. The composition of the tungsten layer is 90%
W, 6% Ni and 4% Cu by weight, the density is 17.12 g/cm3 and the
thickness is 7.62 mm. The tungsten layer is surrounded by an aluminum
wall of thickness 7.556 mm. Inside the tungten layer is an inner aluminum
wall which supports the silicon detector assemblies and has thickness of
3.81 mm. The shielding stops protons up to energies of 90 MeV. Since
the maximum energy proton beam available at TRIUMF was 104 MeV,
therefore, the shielding penetration energy was reduced slightly (90 MeV) to
observe sidewall penetration of protons. The entrance cone of the detector
was made of aluminum. The cone was designed to study the the effects of
spurious events from particles hitting and scattering from the cone entrance
aperture. Some of the spurious events were observed, however, most of
these events do not trigger a correct set of detector responses and would

not register as a valid energy particle count.

5.2.1 Beam line Arrangment for Experiment

Fig-5.8 shows the beamline set up used for experiment performed at the
TRIUMEF facility in Vancouver, BC. The prototype has been tested using
a high energy proton source. The energy of the protons in the beam was
taken as 116 MeV and 74 MeV, respectively for the two energies available
at the facility. A variable thickness degrader plate called the range shifter
was used to obtain the required test energies.

A GEANT4 model of the main proton beamline components and de-
tector entrance cone is shown in Fig.5.9. For the simulation the beamline
arrangement was simplified from the one used at TRIUMF beam facility, by
excluding some of those components which contributed only a very small
amount to the degradation or scattering so that can be neglected. By
implementing detailed simulation model in GEANT4, detector response

functions to the proposed proton measurement values have been modeled.
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Figure 5.8: a beamline set up used for experiment performed
at the TRIUMF facility
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(a) A beamline set up modeled in Geant4 for simulations

(b) Figure shows GEANT4 simulations of Triumf experimental set up.
Simulations are shown for 100 protons at 74 MeV.

Figure 5.9: Beamline setup used for, (a) experiment and (b)
simulations
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Fig.5.9b shows the simulations of 100 protons at 74 MeV. It can be seen that
most of the protons miss the detector, thus making the process some what
inefficient. In order to obtain a statistically significant number of counts a
source of 500,000 protons was used. Since a large number of protons are
scattered at different directions due to all the degrader components, the
number of counts was normalised by number of events that show energy >
0 at the first detector D2. For D2D3D8D9 configuration, the beam energy
was 116 Mev, a copper plate of thickness 5.895 mm was used as degrader
2 and a tantalum plate of thickness 1.499 mm was used as degrader 3 for

the experiment and simulations.

Figs.5.10(a) and 5.10(b) show the channel efficiency for D2D3D8D9
configuration versus incident energy of protons taken from the experimen-
tal data and simulations respectively. The efficiency of the detector is more
than 65%. The incident flux is obtained by degrading the primary beam so
it is no longer monoenergetic after passing through all the degraders. Some
of the events are at low energy or large incident angle. After depositing
some energy at D2 the particles might be scattered in different directions
without depositing energy in the other detectors or they might not have
enough energy to penetrate through the next degraders and detector ele-
ments. It can be seen that there is a slight discrepancy of the Ch 22 to
Ch 23 transition point between experiment and simulation. This might be
due to those beamline components which were not included in the simu-
lations. Also the source distance from the front opening of the detector
was taken about 2 m in the experiment which was reduced to lcm in the
simulations. It was done to get more statistics at the first detector. So
the Transition point apearently has been shifted towards lower energy in
the plot. It can also be seen that the particle with higher energies (90 -

100 MeV) are contributing into lower energy channel. As discussed earlier
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the incident energy is a spread due to degradation and scattering so the
particles do not deposit the exact energy required for a given channel and,
in particular, angular deflections will tend to reduce the axial penetration
and energy deposition profile which might satisfy the logic requirement for
lower channels so that higher energy protons can contribute to lower energy
channels as seen above. Also there might be nuclear interactions which may
reduce the particle energy from its incident energy thus contributing in the
lower energy channels. This is simulated at present with the physics pack-
age that includes nuclear interactions in the present GEANT4 simulations

for HEH prototype.

5.3  Conclusion

The simulation model of the TRIUMF prototype is in reasonable agree-
ment with the experimental measurements made when we take into account
all the degraders and detector elements in the beam path.. In particular,
the TRIUMF experimental results for D2D3D8D9 detector congurations,
as shown in Figs.5.10(a) and 5.10(b), are in reasonable agreement with
the GEANT4 simulations of the prototype HEH. Since the incident energy
beam is not monoenergetic, due to the degraders and other beamline com-
ponents, some spreading of the energy bins is observed. Also the scattering
of particles at some angles off axis reduces the axial range and thus can lead
to counts in lower energy channels. It is expected that nuclear interactions
may also effect the detection of higher energy incident particles contribut-
ing to false counts in the lower channels and reducing the efficiency of the
higher energy channels by an additional few percent which has not been
included in the present calculations. However, the overall accuracy of the
detector calibration appears to be in the range of several percent at present

in terms of detector efficiency and energy bin edges.
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Chapter 6

Conclusions

The HEPT is intented to measure the energetic electron and proton
populations in the radiation belts. The performance of HEPT is enhanced
from that of the previous such detector, PROTEL, by increasing the energy
range and geometric factor of sensor heads and reducing the detector dead
time. This results in an increase in dynamic range of energy and statistical

accuracy of the detector.

By using aluminum spacers and discrete detector elements for each
proton channel, a robust design of HEH is achieved which provides accurate
detection of protons. The expected maximum count rate of 3000 counts
per second based on AP8-MAX is well within the maximum count rate
of 200,000 cps specification for our detector and allows 70 times dynamic
range for magnetic storm events. In the same detector geometry electron
detection can be achieved in five energy bins from 3 to 20 MeV using
differential channels calculated from the actual detector channels. The
maximum detection rate based on the worst case is of the order of 34,000
cps in the first signal detector which is still within the maximum counting

rate of 200,000 cps specification for our detector.

The count rate of spurious events due to penetration of energetic
particles from the side is very low due to the thick wall shielding. The
shielding will block protons below 72 MeV and electrons below 8 MeV.
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Furthermore the angular coincidence requirement reduces the effects of
spurious events greatly because these spurious events would also have to
simultaneously trigger all the intermediate detector elements in order to be

counted as a real event.

The LEH has a smaller entrance cone angle than the HEH. Thus the
particles at higher angle can not enter the detector due to smaller FOV of
the detector. The value of geometrical factor obtained from simulations is
in good agreement with the theoretical value at low energies with an error
of about 1 to 5% for LE H as currently configured. The incorrect counts
could be reduced by decreasing the acceptance angle of the cone but the
correct level of accuracy is deemed acceptable for LEH design. Also the
angular and energy dependent data describes the detector response function
in detail and in the future could be used to correct raw measured data using

iterative deconvolution routines.

The HEH has a larger entrance cone angle thus allowing particles
comming in at larger angles. However, the particles incident at larger angles
show up as lower energy from their incident energy which contributes to
incorrect counting in the energy channels. The value of geometrical factor
observed by simulations is in good agreement with the theoretical value at
low energies but at high energies the total geometric factor is considerably
lower for the HEH as currently configured. This is because, at high energies,
the particles incident at some angle will reach the end of their penetration
range at a shorter axial distance and not reach the particular end range
detector for their particular energy bin, thus contributing to the lower en-
ergy channel counts. Usually the particles with energies close to the lower
limit of bin range contribute to the incorrect counts. Th e scattering by
the walls of entrance cone and detector shielding and penetration through

the edges of entrance window are the other reasons which contribute to
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the false counts. The incorrect counts can be reduced by decreasing the
acceptance angle of the entrance cone. The angular and energy dependent
data describes the detector response function in detail and in the future
could be used to correct raw measured data using iterative deconvolution
routines. However it appears that the large acceptance angle of the cur-
rent HEH design leads to many wrong counts at larger entrance angles and
thus these larger angles are not contributing effectively to the signal. In
this case, future improvements should probably choose a somewhat smaller

entrance cone angle for the HEH.

The simulation model of the TRIUMF prototype is in reasonable
agreement with the experimental measurements made when we take into
account all the degraders and detector elements in the beam path. In
particular, the TRIUMF experimental results for D2D3D8D9 detector con-
figuration, as shown in Figs.10a and 10b, are in reasonable agreement with
the GEANT4 simulations of the prototype HEH. Since the incident energy
beam is not monoenergetic, due to the degraders and other beamline com-
ponents, some spreading of the energy bins is observed. Also the scattering
of particles at some angles off axis reduces the axial range and thus can lead
to counts in lower energy channels. It is expected that nuclear interactions
may also effect the detection of higher energy incident particles contribut-
ing to false counts in the lower channels and reducing the efficiency of the
higher energy channels by an additional few percent which has not been
included in the present calculations. However, the overall accuracy of the
detector calibration appears to be in the range of several percent at present

in terms of detector efficiency and energy bin edges.

In the future, the energy range coverage of the detector could be
increased to a few hundred MeV to study the behaviour of even higher

energy protons in the radiation belts. If the current dE/dx type design is
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used, this would require the use of fairly thick degraders of high-Z material
such as tantalum, as already considered here. This would add considerable
weight to the detector but has the advantage of a robust design primarily
based on particle penetration range. It is estimated that an upper energy
limit of 300 to 400 MeV could be achieved with such a design. At the
same time modeling including nuclear interactions would be required in
order to characterize the detector response in this higher energy range. To
achieve even higher energy detection, alternative detection techniques such
as Cerenkov emission could be employed to extend the detection capabilities

to the GeV range.

It has been shown that the large entrance cone angle of the HEH
contributes to a large number of incorrect counts (about 48%) which re-
duces the channel efficiency. By making the entrance cone angle smaller
the incorrect counts can be reduced and hence the channel efficiency can be
enhanced. A study should be carried out to identify an optimum collection
cone angle for the HEH. The interference of high energy electrons with low
energy protons can also result in a false estimation of channel efficiency. A
study should be carried out to study this effect in greater detail, though
such multiple particle sources are not very easy to implement in GEANT4

and would probably require a special source routine to be written.

The coincidence requirement of the HEH and the entrance cone an-
gle reduces the probability of spurious counts from the side considerably.
Thus, it might be possible to make the side wall shielding thinner which
would reduce the weight of the detector. This is another aspect which could
be studied in more detail. The current study has been able to characterize,
via numerical simulations, the response of the proposed HEPT detector to
an accuracy of the order of a few percent in energy response, geometric fac-

tors and channel efficiency for the detection of MeV protons and has given
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an initial characterization of the response to MeV electrons. With these
results and the numerical simulation techniques demonstrated, it should
be possible to develop and characterize optimum high energy particle tele-

scopes to meet the requirements of any future Canadian space missions.
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