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Abstract

A new method has been proposed to study the low energy resonances of 8Li(α, n)11B
at Ecm

∼= 0.5 MeV using dE-E Monolithic Silicon Telescopes (MSTs). Each telescope
consists of five ultra-thin ∼ 1 µm (∆E) silicon detector pads on a ∼ 500 µm (E) silicon
detector. Both preliminary experiments and simulations show promising results for
identifying the reaction cross-section at the low energy. To assure optimal detector
performance it is crucial to determine the detector characteristics and response for
particles incoming at different angles. Ultra-thin silicon detectors are particularly prone
to the channeling effect which degrade the detector signal for incident particles along the
crystal planes. A Pelletron tandem accelerator at RIKEN Nishina Center, Japan was
used to accelerate ions of 11B, 63,65Cu and 197Au into the MST at different angles and
energies. Based on these measurements the optimal detector orientation with minimal
channeling could be determined to 10 degrees in between the silicon crystal axis [111]
and 〈231〉. Additionally, the detector dead-layers were deduced, indicating a minimum
detectable 11B ion energy of 2.4 MeV at the optimal detector orientation.
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Chapter 1

Introduction

The majority of visible matter in our universe is made up of the elementary particles
quarks and gluons which together form the nucleons (protons and neutrons). Different
combinations of nucleons held together by the strong nuclear force create the atomic
nucleus. This is the basis of all known chemical elements. Understanding the origin
and evolution of the chemical elements is of central interest for both cosmology and
nuclear astrophysics. According to the standard Big Bang model nucleons started
fusing together shortly after the quark-gluon plasma condensed into nucleons and later
into nuclei of increasing mass number. However, predictions based on this model fail to
describe the abundance of elements above mass number A=7 due to the mass gaps at
A=5 and 8 [1, 2]. In a potential inhomogenous Big Bang scenario cosmological processes
would lead to a strongly inhomogenous baryon density distribution, forming neutron-
rich and proton-rich regions in the very early universe [3, 4]. These regions would
allow the formation of short-lived nuclei which could bridge the mass gaps, leading the
evolution of heavier nuclei. One suggested reaction chain crucial for the primordial
nucleosynthesis in the inhomogenous Big Bang follows:

1H(n, γ)2H(n, γ)3H(2H, n)4He(3H, γ)7Li(n, γ)8Li(4He, n)11B(n, γ)12B(β−)12C... (1.0.1)

Here consecutive neutron capture events and nuclear reactions lead to an enhanced
abundance of 12C and even heavier nuclei [3, 4, 5]. Furthermore, full network calcula-
tions indicate that this reaction chain could play a vital role for r-process nucleosynthesis
in supernovae [5, 6, 7]. A key channel in this reaction chain is 8Li(4He, n)11B due to the
short half-life of 8Li of 840 ms [8, 9]. Understanding the cross-section, in the full energy
range for the states of 11B, is essential for understanding the conditions constraining
this reaction chain. In particular, the low energy reaction cross-section in the Gamow
regime Ecm<2 MeV is of critical importance due to possible excited levels in 12B which
could enhance the reaction rate at low temperatures (T9 = 1 − 5K) [5, 9]. In recent
decades multiple experiments have been performed to determine the cross-section of this
particular reaction, using inverse kinematics of 8Li beam on 4He gas targets [5, 9, 8, 7].
These experiments have successfully been able to determine the cross-section for center
of mass energies above 1.7 MeV. However, data is scarce and show remarkable dis-
crepancy below this energy. The difficulty arises from distinguishing the low energy
11B reaction products from the elastically scattered 8Li and other background particles.
A different experimental approach was proposed at RIKEN, Japan that would allow
the low energy cross-section to be determined using ultra-thin dE-E Monolithic Silicon
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CHAPTER 1. INTRODUCTION 2

Figure 1.1: The figure shows a set of three individual MSTs. Each MST has an area of 4×15
mm with 5 individual dE detector pads with an area of 3× 4 mm.

Telescopes (MSTs) [7]. The MST is composed of five ∼1 µm (dE) silicon pads on top
of a single ∼500 µm (E) silicon detector, see figure 1.1. A detector array with 18 detec-
tor pads were tested at CNS Radio Isotope Beam separator (CRIB) in RIKEN, Japan
(2005) which showed promising preliminary results for the detection of 11B at the very
low center of mass energy ∼=0.5 MeV [8]. However, before the final experiment can be
performed the characteristics of the MST must be investigated.

The MST is capable of both particle identification and energy determination by
identifying the particle stopping power. Incident particles deposit some of their energy
in the dE detector pad and the remaining energy when stopping in the E detector. The
main energy loss is through the ionization of the target material. The electric field
created by an external bias forms a depletion region in each detector, charge carriers
in this region are separated and collected at the detector nodes. Since the charge
is proportional to the energy deposited in the depletion regions the particle stopping
power and energy can be determined with the combined information of both dE and
E detectors. Each detector has inactive dead-layers; regions where particle energy is
undetectable. For accurate particle detection it is essential to understand the size of
the dead-layers in both detectors. Furthermore, particles incident on the ultra-thin dE
detectors are expressly prone to the channeling effect [10]. Incoming particles incident
along the crystal planes or axis can pass through crystal channels with reduced stopping
power. Channeled particles will thus result in a reduced signal in the dE detectors. This
causes great concern when it comes to accurate particle identification which is crucial for
the low energy reaction experiment. Understanding how the channeling effect influences
the detector response at various angles is therefore essential for the optimal working
conditions of the final detector configuration.

In this thesis the characteristics of the MST is determined through systematical
investigation in an in-beam environment using the Pelletron accelerator at RIKEN
Nishina center. Ions at different energies and angles of incidence are used to determine
both the channeling effect and dead-layer thicknesses, leading to a conclusion of the
optimal detector orientation for the final 8Li(4He, n)11B cross-section experiment.
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1.1 Objectives

The main objectives for this master’s thesis are the following:

• Investigate the MST signal characteristics.

– Construct a detector setup for digitizing signals from all detector channels.

– Investigate pulse properties and develop an offline pulse height analysis pro-
gram for particle identification using an α-source

• Examine the detector signal at different angles of incidence.

– Build a target vacuum chamber for use at a Pelletron accelerator beamline
complete with accurate detector angle control.

– Operate a Pelletron accelerator using different ion beams on detector target
at varying angle of incidence.

• Determine the detector limitations and optimal detector orientation.

– Develop a general method for quantifying the channeling effect and determine
the optimal detector orientation with minimal channeling.

– Determine the thickness of both dead-layers in the MST using simulations.

1.2 Outline

The thesis will begin with the concept of particle identification using double layered
dE-E detectors. This is followed by the underlying principle behind the semiconductor
detector and possible problems associated with these types of detectors such as the
channeling effect and dead-layers. The specifics of the MST is later introduced com-
bined with a description of the pulse readout using charge sensitive preamplifiers. In
chapter 3 the preliminary detector set-up and testing procedure is described. The first
detector signal from a 241Am alpha source are displayed and processed using a developed
offline pulse trace analysis program to create a dE-E spectrum. In the following chap-
ter 4 the necessary preparations for the accelerator experiment are presented including
beamline configuration, noise considerations and beam-target angle calibration. Addi-
tionally, considerations regarding ion beams at the accelerator are included. In chapter
5 the methodology for testing the MST characteristics at different angles is described
combined with the initial digital data processing procedure. Finally, the results from
the experiments are presented and discussed in chapter 6. Optimal detector resolu-
tion, detector orientation with minimal channeling combined with an analysis of both
dead-layers concludes this work.



Chapter 2

Experimental background

All particle detectors are based on the detection of particle matter interactions. One
of the most basic principle of particle detection is through the collection of charge
created in particle collisions with the absorber material, such as gas or a semiconductor
crystal. Accurate measurement of charge carriers in the absorber material reveal the
energy of the particle. However, measuring the charge distribution along the trajectory
provides further insight of the type of particle involved in the collision. This can be
done Using two or more detectors commonly referred to as a telescope. One type
of ultra-thin dE-E monolithic silicon telescope is investigated in this work. In the
first two subsections of this chapter the concept of ion matter interaction is described
leading to the explanation of how particles can be identified using dE-E telescopes.
Secondly, an approach for collecting the charge carriers using semiconductor detectors
are thoroughly described starting from section 2.2. The characteristics of these detectors
and the relevant problems associated with semiconductor detectors are presented such
as the channeling effect and dead-layers which are central to this work. In section 2.3
the details of the MST is provided proceeded by an explanation of the detector signal
before and after amplification using charge sensitive preamplifiers.

2.1 Ion matter interaction

Ions can interact with matter through many different processes. The dominating one
is through the electromagnetic interaction between ion and the electrons and nuclei in
the absorber material. When the ion enters the absorber all nearby electrons and nuclei
experience an impulse caused by the electric field of the passing ion. Due to the low
mass of the electrons they are more susceptible to the impulse resulting in excitation
of the electron orbit or, if the impulse is sufficiently large, escape the atomic potential.
The large momentum of the ion means that it will plow through a large quantity of
electrons until the energy is no longer sufficient to ionize further. Electrons close to the
ion trajectory can gain enough energy to scatter further with surrounding electrons. If
the mass of the target nucleus is comparable to the ion mass then a substantial amount
of momentum can be lost through direct nuclear recoils. These nuclear recoils can
dislocate atoms and damage lattice structures or even generate vibrations (phonons)
[21] resulting in non-ionizing energy losses within the absorber material. Furthermore,
direct nuclear reactions can occur if the energy is sufficient. These nuclear interactions
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are however rare in comparison to the electron scattering. Altogether, the consecutive
ion scattering events disperse the energy of the ion leaving a free charge cloud in its
path of positive and negative charge carriers. Assuming the ionization potential is much
lower than the kinetic energy of the ion, the generated number of charges required to
stop the ion will thus be proportional to the ion energy. Accurate measurement of the
charge in the absorber material can therefore give insight in the energy and nature of
the ion.

The charge distribution along the trajectory depends on the rate of energy loss
through the material. The rate of energy loss is defined by the stopping power, S(E) =
−dE/dx. In most cases the majority is lost through the interaction with the electrons
and is often referred to as the electronic stopping power Se(E) while the energy lost to
nuclear recoils is called nuclear stopping power Sn(E). In the early 1950s an expression
was first derived by Bethe describing the classical expression for linear total stopping
power[11],

− dE

dx
=

4π

mec2
· nZ

2

β2
·
(

e2

4πε0

)2

·
[
ln

(
2mec

2β2

I · (1− β2)

)
− β2

]
. (2.1.1)

This formula describes the amount of energy loss in a material from collisions with
electrons in an amorphous material where me is the electron mass, Z is the atomic
number of the absorber material, v is the ion velocity where β = v

c
and c the speed of

light, n is the electron number density given by n = NAρZρ
AMu

where ρ material density,
NA is Avogadro’s number, A is the mass of the absorber atom in atomic mass unit, Mu

is the mass conversion coefficient and finally I is the mean excitation potential often
given by I = (10 ± 1) · Z eV . The Bethe expression is in general valid for particles
with energy much greater than the bound electron states. Additionally, it does not
include radioactive synchrotron losses which are relevant for higher energy relativistic
particles. Bloche worked together with Bethe correcting the model to what is known as
the Bethe-Bloche equation [11] which more accurately describes the stopping power of
particles while taking radiative losses as well as nuclear shell correction into account.

Commonly Monte Carlo computer programs are used to calculate the interactions
of ions with amorphous absorber materials. In this work SRIM (The Stopping and
Range of Ions in Matter) and in particular TRIM (TRansport of Ions In Matter) will
be used to simulate the ion trajectories in different materials. These programs have
been extensively tested and verified to accurately predict the ion range in wide range
of different materials [19].

2.1.1 The Bragg curve

The specific energy loss for the ion stopping changes with depth into the absorber
material. The function of the specific energy loss with respect to the penetration depth
is known as the Bragg curve, see figure 2.1. Particles with high energy will experience
relatively low stopping power in the absorber, this is due to the short time spent in the
vicinity of the electrons results in a low impulse. When the particle slows down in the
material, impulse increases resulting in greater ionization up to a maximum called the
Bragg peak as seen in the figure 2.1.

The rate of energy loss determines the range into the material. The ion range is a
statistical quantity which depends on the multiple scattering events occurring in the
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Figure 2.1: Stopping power of alpha particles as a function of path length in air. The Bragg
peak with maximum stopping power can be seen near the end of the particle trajectory.

absorber. The amount of dispersion along the particle trajectory is called straggling
which in turn determine the range distribution in the material.

2.1.2 dE-E particle identification

Most particle detectors capture the generated charge in the detector material in order to
determine the particle energy. However, if both energy and the particle stopping power
can be determined then the type of particle involved in the collision can be identified.
Looking back at the Bethe equation 2.1.1 for low energy ions v << c (which is generally
valid for the ions of interest in this experiment) then the equation can be simplified to;

−dE
dx

=
4πnZ2

mev2
·
(

e2

4πε0

)2

·
[
ln

(
2mev

2

I

)]
.

If we rewrite the expression in terms of the non-relativistic kinetic energy for the
ion E = mv2

2
where m is the ion mass, then the expression becomes,

−dE
dx

=
2πnZ2m

meE
·
(

e2

4πε0

)2

·
[
ln

(
4meE

Im

)]
.

This simplified expression describes how the particle stopping power varies with ion
energy E, charge Z and mass m assuming amorphous detector material. In figure 2.10
the simplified stopping power function for the three particles relevant to the experiment
have been plotted 11B, 8Li and 4He [11]. Due to the approximations the plotted functions
fail to describe the low energy regime accurately.

In order to determine the stopping power function experimentally, double layered
detector are used with a thin dE/dx detector commonly referred to as a dE detector
in front of a larger E detector in a telescope configuration. Particles with sufficient
energy will pass through the thin dE detector resulting in a signal corresponding to the
energy loss in the detector thickness dx. The particle is then stopped in the larger E
detector which captures the remaining ion energy, see figure 2.2a. Ions with a specific
charge-mass-energy ratio entering this detector will thus provide a coordinate in the
dE/dx-E plot creating a 2D particle identification spectrum. Recorded coincidence
events from a specific particle will register as events along the stopping power function
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(a) dE-E detetector (b) Particle beams in silicon absorber

Figure 2.2: Particle energy loss (dE/dx) as a function of energy (E) in a silicon absorbed can
be seen in figure (b) which represents the signals from a dE-E detector (a).

which can be used for particle identification purposes. This simple concept allows for
relatively accurate particle identification which is the concept of the ultra-thin dE-E
MST investigated in this thesis.

2.2 Semiconductor detectors

Essential for particle detection is the collection of charge carriers in the detector, semi-
conductors are highly regarded for this purpose. Semiconductors such as silicon or
germanium have crystalline structure with half filled outer atomic shells. The periodic-
ity of the crystalline structure forms band structures with closely spaced energy levels.
The spacing between the outermost conduction band and the valence band is called the
band gap, see figure 2.3.

Figure 2.3: The figure displays the silicon band-gap for pure silicon, N-type silicon and P-type
silicon.

Materials lacking band gaps allow free movement of electrons in the conduction
band and are called conductors. Insulators have a large energy gap of about 5 eV
requiring a large energy to excite electrons into the conduction band, explaining their
high resistance. In a semiconductors the band-gap is small, usually in the order of 1 eV.
When sufficient energy is provided to an electron in the lattice it can be excited into the
conduction band leaving a vacancy in the valence band called a hole. Due to the small
band-gap a large quantity of charge carriers, both holes and electrons, are generated
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along the ion trajectory. The large number of charge carriers result in large statistics
when determining the energy loss in the absorber. Additionally, semiconductor mate-
rials usually have a high mobility for these charge carriers at room temperature. This
combined with a relatively high electron density makes semiconductors good candidates
for particle detection.

In order to collect the free charge carriers in the semiconductor an electric field is
required to separate the holes from the electrons and therefore reduce recombination.
Unlike gas detectors an intrinsic electric field can be generated through slight modifi-
cations in the band-gap structure by introducing impurities in the lattice. If an atom
with a single electron in its valence level is introduced in the lattice it will generate a
donor level slightly below the conduction band. The extra electron is loosely bound and
thermal excitation can easily dislodge the electron from the donor level filling the con-
duction band. Examples of such n-type impurities are lithium, arsenic and antimony
which can be are introduced in low concentration (1010cm−3) in the crystal through
sputtering or ion implantation [11]. If the semiconductor is instead doped with atoms
lacking a covalent bond with an electron vacancy in its outer shell, an acceptor level can
be created slightly above the valence band, see figure 2.3. Likewise, thermal excitation
can fill the vacancy with an electron from the valence band. This usually occurs when
the semiconductor is doped with boron, aluminum or gallium, this doping is called p-
type. When the two different types of doped semiconductors are brought together, the
electrons in the conduction band will tend to recombine with the holes in the valence
band forming a p-n junction, see figure 2.4. This so called diffusion current is quickly
counteracted by the increasing electric field generated from the charge separation gen-
erating a drift current in the opposing direction. The p-n junction at equilibrium has
a steady state charge separation with a built-in potential given by,

V0 =
KbT

e
ln
NdNa

n2
i

(2.2.2)

where Kb is Boltzmanns constant, T is the temperature, e is the unit charge, Nd is the
donor concentration, Na is the acceptor concentration and Ni is the intrinsic concen-
tration of the substrate. The size of the depletion is in turn described with,

d =

√
εV0
eN

. (2.2.3)

Where N is the dopant concentration of the type with lowest concentration (either
Na or Nd). Due to the direction of the electric field in the depletion region electrons
encounter higher resistance traveling against the direction ”reverse” of the electric field
and lower resistance when traveling along the electric field ”forward”. This is the
concept of the rectifying diode. When an ionizing particle pass the depletion region the
electrons and holes will be created and drift to either end of the p-n junction where
they will be collected. Charge carrier creation occurring outside the active depletion
region will recombine and therefore not be collected. The low intrinsic electric field of
about 1 V is often insufficient to completely separate the charge carriers fast enough
before recombination occur within the depletion region. A large amount of the signal
is therefore lost, resulting in poor energy resolution and efficiency. Assuring optimal
charge collection an external reverse bias voltage V is applied over the p-n junction
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Figure 2.4: Overview of a p-n junction with built in potential V0.

which increases the potential difference in the depletion region. The depletion therefore
increases accordingly,

d =

√
ε(V0 + V )

eN
(2.2.4)

Higher bias voltage and lower impurity concentration increases the detector volume
which is necessary for an efficient detector. Regions outside this depletion region are
called dead-layers which are described in a later section. As a consequence of the electric
field in the depletion region the p-n junction will acquire a capacitance which is often a
cause for concern when it comes to the particle detection due to the increased sensitivity
to external noise discussed in section 2.3.1.

2.2.1 Silicon diode detectors

The first type of semiconductor detector was based on silicon crystals. Unlike the
semiconductor germanium detectors, which is commonly used for gamma spectroscopy,
silicon detectors do not require cooling due to the larger band-gap of 1.12 eV. However,
the larger band-gap results in smaller number of free charge carriers, the lower statistics
per event decreases the energy resolution. Many different types of silicon detectors exist
today which are commonly used in nuclear and particle physics experiments. Examples
are silicon in the silicon drift detectors and silicon strip detectors. A typical silicon
drift detectors utilize a single long connector cathode or anode on top of a doped silicon
wafer. The position of the particle event can be determined from the time it takes for
the captured charge to travel to the detector readout node given the detector geometry.
In the silicon strip detector regions of doped silicon are arranged in a matrix or arrays
on a larger silicon wafer where each doped region function as a separate detector. The
MST is a type of double-layered silicon strip detector.

2.2.2 Dead-layer

The inactive regions of the detector outside the depletion region are called dead-layers.
Electron and hole pairs formed will simply recombine since no electric field can pull
them towards the detector readout nodes. Therefore, all energy deposited in these
regions are lost for detection. The dead-layer size in the detector can be minimized
by fully depleting the detector by increasing the bias voltage. However, reducing the
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dead-layer is technically challenging. Usually a thin metal film is placed on the surface
of silicon detectors to prevent damage and oxidation during handling [12]. Thin dead-
layers are relevant when detecting low energy ions with large stopping power since a
significant amount of the particle energy can be lost. There are many approaches to
determine the thickness of the dead-layers, one common approach is using a defined
ion beam at varying angle of incidence as seen in figure 2.5. Assuming ions of known
energy Eion are incident on a detector with a dead-layer then,

Etot = Edet + Edl

Where Edet is the energy detected in the active detector region and Edl is the energy
lost in the dead-layer. Assuming that the ion is incident at an angle θ to the detector
normal and the detector signal xdet is proportional to the energy with a calibration gain
constant Gdet. Then the above expression with energy lost in the dead-layer at 0 degree
incidence Edl0 can be rewritten as,

Etot = Gdetxdet +
Edl0

cos(θ)
.

This expression can be restructured in terms of the detector signal,

xdet = −Edl0
Gdet

(
1

cos(θ)

)
+
Etot
Gdet

. (2.2.5)

Assuming that the stopping power is constant around the region close to the border
between the dead-layer and detector then it can be used to determine both detector
gain and energy lost in the dead-layer, knowing the ion energy and angular dependence
of the detector signal. The equivalent dead-layer thickness in terms of silicon can be
determined if the energy lost in the dead-layer is known.

Figure 2.5: Particle incident on a detector with dead-layer.

2.2.3 The plasma effect

When a heavy ion with large stopping power enters the detector a high density of charge
carriers is created over limited detector volume. If the electric field is insufficient to
quickly separate the charge carriers then recombination will occur before the charge
carriers have been collected by the readout electronics. The retarded collection time is
commonly denoted the plasma time, which is the time it takes for the plasma to disperse
before charges can be collected [14]. This effect results in a drastically reduced signal
for strongly ionizing events which consequently leads to a reduced detector resolution.
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It is therefore essential to have a sufficient electric field within the depletion regions to
prevent the plasma effect.

2.2.4 Silicon crystal structure

All mono-crystalline structures are based on primitive unit cells which are repeated
forming the bulk crystal. The unit cell defines the shape and symmetry of the complete
crystal lattice. Silicon detectors are based on a mono-crystalline silicon with a face
center cubic unit cell configuration similar to diamond, see figure 2.6. The unit cell
is denoted with the lattice parameters a,b and c which are vectors of equal length
of 5.43Å for the orthogonal silicon crystal. The orientation of the crystal lattice is

Figure 2.6: A single unit cell of FCC silicon crystal.

typically denoted using the miller indices h,k and `. These indices describe the crystal
plane intercepting the points a/h,b/k and c/` in the crystal lattice where the plane is
referred to as (hk`). Examples of miller indices of the major crystal planes can be seen
in figure 2.7. The crystal direction is for a cubic cell represented by the surface normal
to the crystal planes denoted using [hk`].

Figure 2.7: Examples of crystal planes represented by the colored planes with corresponding
miller index.

2.2.5 The channeling effect

The stopping power for particles incident on crystalline materials are significantly re-
duced at particular angles along the crystalline axis. This is called the channeling effect.
Particles incident along a crystal axis will experience small angle scattering guiding the
particle along the crystal channel, see figure 2.8. The lower electron density in the
channel means the ion experience a greatly reduced stopping power and can thus travel
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deeper into the target material. This is a limitation to the Bethe formula which as-
sumes amorphous target material with no angular dependence. The channeling has
been extensively studied by Gemmel [10] who described the critical angle necessary for
channeling to occur;

ΘC =

√
zZa0Ad

1670β
√
γ

(2.2.6)

most variables have been defined in equation 2.8 except a0 which is the Bohr radius,
d the spacing between atoms in the channel and γ given by 1/

√
1− β2. The critical

channeling angle decreases with increased energy but is typically rather small, around
1 degree for ions β =0.1 [11]. The channeling effect is highly dependent on the crystal
orientation. Likewise, the phenomena is closely related to similar phenomena dependent
on crystal orientation, such as electron backscatter diffraction resulting in Kikuchi pat-
terns, which both give indication of the dominant crystal orientation where channeling
can occur, further information regarding these patterns can be found in the reference
[15]. In essence, the Kikuchi lines represents the crystal planes while the intersections
represent the dominant crystal axis. These pattern provide an orientation map of the
crystal, examples of these Kikuchi patterns with corresponding crystal orientation are
seen in figure 2.91. Ultra-thin detectors are particularly prone to the channeling effect.

Figure 2.8: Particle channeling through a crystal lattice.

(a) [1 0 0] (b) [1 1 0] (c) [1 1 1]

Figure 2.9: Silicon crystal viewed along the directions [1 0 0], [1 1 0] and [1 1 1] with associated
Kikuchi patterns.[15]

The shorter the channel the higher the probability of the particle successfully channel-
ing through the detector. The main crystal axis corresponding to the intersections in
the Kikuchi patterns should be avoided to reduce particle channeling.

1These simulations were performed using VESTA 3D visualization program [23] combined with
Kossel/Kikuchi K-Pattern Simulator [24]
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2.3 The dE-E monolithic silicon telescope

The construction of ultra-thin silicon detectors have been made possible in recent
decades due to the rapid development of semiconductor technology. In this work a
modern type of double layered monolithic silicon telescope (MST) is investigated. The
telescope consist of five (3 × 4 mm) ≈ 1 µm thick dE pads on top of a ≈ 500 µm E
detector with a total detector area of (15× 4 mm) intended for dE-E particle identifi-
cation. Two MSTs with a total of 10 dE detector pads are mounted on a 14 pin board
as seen in figure 2.10a with a cross-sectional view in figure 2.10b.

(a) (b)

Figure 2.10: Figure (a) shows a a picture of the investigated MST combined with a cross-
section of the MST seen in figure (b) [13].

The detector telescope is developed by INFN-LNS, INFN Sezione di Catania and
ST-Microelectronics [12]. The telescope is based on High resistivity 2000 Ωcm n-doped
silicon wafer with a thickness of around ≈ 510 µm. A p-doped well is formed through
treatment with low energy boron implantation followed by high temperature (1050C)
diffusion up to 2 µm depth. This is later proceeded by high energy boron implantation
forming the buried anode acting as a common ground for both dE and E detector. In
order to create the p-n junction for the dE detector pads the surface is n-doped using
arsenic. A thin metal film acts as a protective layer on top of the detector surface which
is part of the first detector dead-layer. The MST can be connected on the back using a
seven pin connector with one ground connection together with one output for the large
E layer and five output pins for the dE pads.

Ultra-thin detectors are limited in size due to the high capacitance. During the
development the decision was made to separate the dE pads to reduce the capacitance
to maximum 1 nF while still keeping a large surface area with five individual pads per
telescope[12]. This allows for use without internal preamplifiers.

2.3.1 Detector signal

Figure 2.11 shows the MST internals of one dE detector pad with the E detector. Each
detector is represented within the the gray boxes containing a p-n junction symbolized
with a diode and internal impedance from its capacitance and internal resistance. All
detectors in the telescope are connected to a common ground between the dE pads and
E detector. A positive reverse bias voltage below 10 V is applied across the dE detector
pads to increase the depletion region. The larger E detector is powered separately
requiring a bias voltage around 100 V.

The internal resistance of the detectors prevent greater bias due to the increased
leakage current resulting in greater detector noise or even breakdown. Charges are
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Figure 2.11: Circuit diagram of the MST with dE detector pad and the E detector including
the internal capacitance and resistance for both detectors.

separated in the depletion region when an ionizing particle hits the detector. The
charge collection time or pulse current generated by this event is directly dependent
on the internal detector capacitance. A large detector capacitance reduces the peak
current generated from an event and in doing so reduces the signal to noise ratio which
is why thin detectors with high capacitance are highly sensitive to noise. The energy
deposited in each detector is proportional to the charge (QdE and QE) of the integrated
current pulse from the output nodes as seen in figure 2.11. Due to the common ground
large current pulses can result in charge accumulation in the common ground between
adjacent detectors resulting in overshoot in the smaller dE detector pads [16].

2.3.2 Charge integration using preamplifier

The current pulse generated by the detectors are often difficult to detect, charge sensi-
tive preamplifiers are used in order to both amplify and integrate the signal from the
detector. The basic schematics of the charge sensitive preamplifier is seen in figure 2.12.
When the current pulse from the detector enters the preamplifier it first passes a AC
coupling filter capacitor which allows the short current pulse (usually below a microsec-
ond) to pass while removing the high detector bias voltage. The current pulse from the
detector feeds the feedback capacitor Cf with charge Q and in doing so increases its
potential given by;

V =
Q

Cf
.

A feedback resistor Rf discharges the capacitor with a exponential decay-time τ for the
resulting voltage pulse;

τ = RfCf .

A long decay-time with respect to the rate of the incoming pulses can result in pile-up
leading to detector signal saturation. The potential difference in the feedback circuit
is then amplified using an operational amplifier with high gain G which increases the
output signal to Vh = G · V . The feedback circuit is usually configured for the input
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Figure 2.12: Preamplifier schematic with current pulse signal with charge Q amplified creating
an output pulse with amplitude Vh.

impedance to assure optimal signal to noise ratio. Additionally, the feedback capaci-
tance should be kept low in comparison to the generated charge to increase the gain of
the amplifier a low feedback capacitance does however increase noise sensitivity. The
preamplifier is therefore highly susceptible to electromagnetic waves captured by cabling
and microphonics and is often kept isolated with a grounded Faraday cage.

2.3.3 Pulse shaping and data acquisition

The peak height of the preamplifier pulse usually linearly correspond to the charge from
the detector which in turn is related to the energy deposited in the detector. Due to
the high amplification factor the signal can be interpreted using common instruments
such as oscilloscopes but are often amplified using shaping amplifiers. These shaping
amplifiers use a differentiator and pole-zero cancellation circuit to reduce the decay-time
significantly. This allows for higher counting rate before pile-up occurs. Additionally,
the amplifier shapes the signal into a Semi-Gaussian which improves the signal to noise
ratio with the help from an active integrator. The pulse can then be amplified from
a few hundreds of millivolts to a signal of a few volts amplitude, more information is
found in [11].

Modern fast digital acquisition units (DAQ) can trigger on the preamplifier pulses.
These instruments convert the analog pulse to digital trace by measuring the voltage
samples at regular intervals up to gigahertz sample frequency. The digital samples
create a trace containing the pulse which can be captured and saved for offline analysis.
The signal can also be directly processed online during data acquisition to determine
relevant information contained within each pulse.



Chapter 3

Set-up and preliminary detector
testing

Preliminary detector preparations and testing was necessary before in-beam measure-
ments. In this chapter the detector setup including signal readout system is presented
and discussed. This is followed by the first observed detector signal from alpha particles
using an 241Am calibration source. The detector signal characteristics are investigated
and a offline pulse height analysis program is developed to process the digitized pulse
traces to create dE-E identification spectra. Since only one calibration source was avail-
able air attenuation was used to change the energy of the alpha particles entering the
detector.

3.1 Detector setup

The MST was tested using the setup seen in figure 3.1.

Figure 3.1: Setup used to capture signals from the MST.

The MST was mounted on a breadboard with seven pins, six coaxial connectors
connected to five dE-pads and a single E detector with one of the pins assigned for
the common ground. To assure a noise free testing environment the detector was
placed in a stainless steel vacuum chamber with coaxial feedthrough ports allowing the
preamplifiers to be placed outside the chamber. The vacuum chamber was connected
to a scroll pump capable of reaching a pressure below a few millibars. The detector
outputs from the dE and E detector channels were connected to two separate 10 channel

16
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preamplifiers with an interchangeable feedback circuit. Due to the different bias voltage
needed of the larger E detector a single preamplifier array could not be used for all
detectors. A 4-channel MHV-4 400 V bias power supply was used for applying +0-10 V
bias to the dE-preamplifier which in turn is connected to dE-detector pads. A second
channel from the bias supply supplied +0-100 V for the larger E-detector through
the E-preamplifier. Due to ground loops resulting in noise both preamplifiers were
directly screwed to the grounded vacuum chamber enclosing the detector, see figure
3.2. Different feedback circuits were tested to find the optimal signal to noise ratio. A
feedback circuit with 4 pF and 1 MΩ was selected for both preamplifiers.

Figure 3.2: Picture of the setup used to test the MST. The detector is placed inside the vacuum
chamber and the preamlifiers are firmly attached to the side of the vacuum chamber.

The signals from the dE and E preamplifier output was connected to a 16 ch 14 bit
CAEN 1730B DAQ with a sampling speed of 500 MS/s. The E preamplifier output
was also connected to a CAEN N568B shaping amplifier together with a discriminator
which generated a trigger pulse on the leading edge of the amplified pulse from the E-
detector. This was used as a trigger for the DAQ which saves pulses with 2000 samples
per trace for all detector channels. The data was then saved in a computer for offline
pulse trace analysis.

3.2 Detector testing using 241Am alpha source

Radioactive alpha emitters are commonly used as calibration sources for particle detec-
tors. One such source is 241Am with a half-life of 432 years decaying accordingly,

241
95Am

432.2y−→ 237
93Np + 4

2He2+ + γ 59.5409 keV.

The helium nucleus (commonly referred to as alpha particle) released in this decay
has an energy of 5.486, 5.443 and 5.388 MeV with branching ratios 85%, 13% and 2%
respectively, accompanied with a low energy gamma photon near 60 keV. A 5 kBq
241Am source was used in these experiment to test the detector response. The source
was placed at a distance of 3.5 cm facing the detector within the vacuum chamber.
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After applying a bias of 5 V to the dE detector and 100 V to the E detector pulses
could be observed from the preamplifier outputs. The rise-time was measured for the
dE detectors which varied from 300 to 500 ns with a 5 us decay time while the rise-time
for the E detector pulse was measured to around 70 ns with 7 us decay time. When the
chamber was evacuated a negative pulse overshoot could be observed in the dE detector
signal, see figure 3.3. The overshoot signal seemed to be correlated with the pulse from
the E detector affecting adjacent detectors near the event. This overshoot is caused by

Figure 3.3: Preamplifier signals viewed from oscilloscope; the yellow pulse correspond to the E
detector while the other channels correspond to dE2, dE3 and dE4 from above. Pulse overshoot
can be seen in dE2 and dE3.

cross-talk between the detectors and is a well known phenomena [16]. This overshoot
occur when the common ground in figure 2.11 does not have time to dissipate the
charge generated in the E detector. This results in a reverse negative potential across
the nearby dE pads. A proposed solution for this cross-talk is to use shaping amplifier
with a long shaping time. Since the cross-talk has a short period of a few nanoseconds
it has little influence to the much more prominent real detector signal.

3.2.1 Pulse height analysis

When increasing the pressure in the vacuum chamber the amplitude of the E signal
decreased while the dE signal increased with a strongly reduced overshoot. This was due
to the Bragg peak moving closer to the detector surface inducing a stronger ionization
in the dE detector. In order to digitize the data the DAQ was used which was triggered
by the discriminator signal see figure 3.4.

Figure 3.4: The light blue signal correspond to the pulse from the E detector after the pream-
plifier, the green is the signal after shaping amplifier and the purple correspond to the trigger
pulse from discriminator.
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In this configuration pulse traces from all channels in a triggered event were captured
with the digitizer as seen in figure 3.5a. The baseline has been set to zero for all channels
to compensate for any DC offset. In the offline analysis coincidence events in both dE
and E detector were identified by defining a signal threshold for the dE channels. High
frequency noise was then reduced through moving-average convolution with a window
of 200 data points, see figure 6.1b. The peak height with respect to the baseline was
determined from the largest value of the convoluted pulse for both dE and E detector
for each event. The detector was exposed to the alpha particles over a time period

(a) Preamplifier signals after baseline correc-
tion.

(b) Coincidence event after moving-average
convolution.

Figure 3.5: Captured pulse traces from 241Am alpha particles.

of 1 hour with a count rate of about 1 Hz. The peak height values from both dE
and E were ordered in bins of varying value such that a histograms could be created
for both detectors. The resolution, commonly defined as the peak position divided by
the FWHM of the peak, was determined for both detectors which was 2% for the E
detector and 28% for the dE3 detector, see figure 3.6a. A 2D dE-E particle identification
spectra could be created from this data as described in section 2.1.2, seen in figure 3.6b.

(a) (b)

Figure 3.6: Figure (a) displays the histogram for dE and E fitted with a gaussian functions
with determined resolution (b) shows the particle identification spectra for alpha particles from
241Am in vacuum.
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Despite the low signal to noise ratio for the dE detector the alpha particles can easily
be identified in this histogram. The low trigger threshold resulted in a band of noise
below the real signal.

3.2.2 Alpha particle detection at varying energy

Since no other calibration source was available the detector was tested with the alpha
particles attenuated by air at different pressures. The pressure inside the vacuum
chamber could easily be adjusted changing the density of air molecules in between the
source and detector. Experiments were done at the varying pressure from 0,250, 400,
500, 600, 700, 800 and 900, 1000 mbar with the source 3.5 cm from the detector. The
normalized histogram data can be seen in figure 3.7.

Figure 3.7: Particle identification spectra for alpha particles from 241Am attenuated with 3.5
cm air at different air pressure from 0, 250, 400, 500, 600, 700, 800, 900 and 1000 mbar.
The spectrum has been normalized for simplified comparison.

The particle energy decreases with increasing pressure resulting in a lower signal
in the E detector. When the particle energy is decreased the Bragg peak moves closer
to the dE detector resulting in a greater dE signal. The dE-E identification spectrum
can be compared with the theoretical plot seen in section 2.1.2. The lowest detectable
alpha particle energy could be determined using Monte Carlo simulations using SRIM.
Assuming attenuation by by 3.5 cm air at 1000 mbar the lowest detectable alpha energy
could be determined to about 2 MeV. This experiment verifies that the detector has
sufficient capability of identifying low energy ions.



Chapter 4

The Pelletron Experiments

The detector had previously been tested using an 241Am calibration source at different
energies. However, due to the low count-rate and large divergence the source could
not be used to accurately investigate the angular dependence of the MST. A source
of collimated monochromatic ions was required. A Pelletron particle accelerator at
RIKEN, Nishina center was chosen for this purpose. The Pelletron accelerator is capa-
ble of accelerating a large variety of ions up to several MeV with a highly collimated
ion beam and a few millimeter beam diameter. Details regarding this accelerator can
be found in appendix A. In order to accurately investigate the beam-detector angle a
remote controlled rotation-stage was used and calibrated. The beamline configurations
and preparations for the in-beam experiments are presented including vacuum consid-
erations and detector noise precautions. This is followed by a section with a motivation
of selected ion beams used at the accelerator beamline. The chapter is concluded with
an overview of the data acquisition setup.

4.1 Laser detector angle calibration

Accurate beam to detector angle control is essential to investigate the channeling effect
and dead-layers in the MST. A motorized rotation-stage was used allowing precise
(0.25 degree) remote control of the detector angle inside the vacuum chamber. Before
installation a systematic calibration was performed by constructing a laser setup (figure
4.1). This calibration was needed to assure proper alignment of the central dE pad with
respect to the rotation axis. To prevent damage of the MST the laser was attenuated
using optical filters before reflecting on two mirrors. Using the mirrors the laser beam
was directed through two collimators before illuminating one of the dE pads on the
MST. The beam projection and reflected laser beam were observed while incrementally
changing the detector angle. The detector position was adjusted to make sure the
central dE3 pad was illuminated during rotation. The reflected beam angle was observed
to verify the accurate angular control of the rotation-stage.

4.2 Beamline configuration

One beamline at Nishina center tandem Pelletron accelerator was used for the experi-
ments. The chamber seen in picture 3.1 which was configured for detector testing was

21
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(a) Rotation-stage with MST (b) Laser table setup

Figure 4.1: Setup used to calibrate the MST to beam angle using a laser setup using rotation-
stage.

modified to withstand a vacuum pressure of 10−7 mbar required for use at the beamline.
A turbo molecular pump in combination with a primary scroll pump was connected to
the chamber inlet to achieve the required pressure. The chamber was connected to the
end of one of the accelerator beamlines, see figure 4.2.

Figure 4.2: Schematic overview of beamline at Nishina center Pelletron accelerator (not to
scale).

The positive ions accelerated by the Pelletron were filtered, steered and focused into
the beamline using a set of quadropole magnets combined with a large dipole magnet.
Proper adjustment of current in the two quadropole magnets and dipole magnet allow
accurate selection of ion species of interest to the target down the beamline. A vacuum
shutter separate the beamline from the main accelerator tube followed by two slits, one
horizontal and another both vertical and horizontal (VH-slit). One meter down the
beamline follows another VH-slit, these slits are used to define the beam diameter and
decrease beam intensity. A Faraday cup collects the charge and is used to determine
beam current and for optimizing accelerator focusing parameters. A second turbo-
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Figure 4.3: A picture of the Pelletron beamline with target chamber setup.

molecular pump used for the beamline is placed near another shutter-valve separating
the beamline from the target chamber. A mylar degrader was constructed with three
layers of different thickness (0.5, 1, 1.5 µm) used to reduce beam energy, see figure 4.4a.
The degrador position could be adjusted into the beam to change the beam energy.

(a) (b)

Figure 4.4: Figure (a) shows the constructed mylar degrador with varying mylar thickness.
Figure (b) shows the rotation-stage with MST placed inside the target chamber.

The calibrated MST on the motorized rotation-stage was placed inside the chamber
at the end of the beamline (see figure 4.4b). The alignment was done using a scintillator
detector in order to determine the beam path. The rotation-stage was connected to
a cable feedthrough that allowed angular control from outside the chamber using a
computer controller.
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4.2.1 Noise-sensitivity and precautions

To ensure optimal detector conditions proper precautions were taken to assure a noise
free environment. The chamber was electrically insulated from the main accelerator
beamline using a ceramic insulating washer in combination with a separate ground.
As previously the preamplifiers were screwed tight on to the vacuum chamber and
aluminium foil was used to protect the cable terminals. During detector operation the
turbo pump directly connected to the target chamber as seen in figure 4.3 was turned
off. Vibrations and electrical noise from the turbo pump caused significant detector
noise and it was therefore necessary to maintain the vacuum using the beamline turbo
pump. One significant contribution to the noise was the bias voltage supplies. Ripple
currents from the switching power supply caused problems, accurate low ripple DC
power supplies were therefore used. The output was connected to ferrite cores and a
constructed low pass RLC low-pass filter circuit reducing high frequency signal noise
further helped improve the signal to noise ratio. Due to the improved signal to noise
ratio in the new arrangement a slight modification of the preamplifier circuit was made
where the feedback capacitance was decreased to 1 pF with an increased resistance of
200 MOhm set for both E and dE detectors.

4.3 Ion beam selection

Four ions of different mass and charge state were selected for the experiment:

• 4 MeV 11B3+

• 7 MeV 197Au6+

• 25.5 MeV 197Au16+

• 9 MeV 63,65Cu5+

Ion range and energy loss in silicon were calculated for the chosen ions using SRIM
simulations, see figure 4.5. Essential for our understanding of the detector performance
for studying the 8Li(α, n)11B reaction is the detection of 11B. A selected ion species of
11B3+ ions accelerated to 4 MeV using the Pelletron would be used at the beamline. The
simulations of 4 MeV 11B into silicon can be seen figure 4.5a which estimate a range of
5 µm into the silicon. This range would be sufficient to penetrate into the E detector in
the MST, passing both dead-layers and dE detector. The amount of channeling of this
ion is of particular interest for this work as well as the energy loss in both dead-layers.

In order to determine the thickness of the first dead-layer an ion with short range
was selected which would stop in the dE detector without entering the second dead-
layer. 197Au6+ accelerated to 7 MeV was chosen mainly for this purpose. Simulation
(see figure 4.5b) show a range below 2 µm into the silicon with substantial nuclear
recoils due to the large mass of the gold ion, this range would not suffice to enter the
E detector. A different charge species was selected with a charge state of 197Au16+

reaching 25.5 MeV with large stopping power and range as seen in figure 4.5c. Particle
identification of heavy nuclear fragmentation in nuclear transmutation experiments has
been suggested as a possible use for the MST. These experiments will provide insight
in the signal characteristics for the detection of heavy ions with large stopping power.
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Finally, 9 MeV 63,65Cu5+ with an intermediate stopping power with a range similar
to Boron was selected (see figure 4.5d). The incentive for using this ion was to study
both the channeling effect and compare signal characteristics with the other ions.

(a) 4 MeV 11B3+ (b) 7 MeV 197Au6+

(c) 25.5 MeV 197Au16+ (d) 9 MeV 63,65Cu5+

Figure 4.5: SRIM simulations of the ions selected for use in the Pelletron experiment. The
ionizing energy loss from direct ion interaction and recoils have been calculated for the different
ions.
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4.4 Data acquisition setup

Since the previous DAQ computer setup used for testing the detector was no longer
available a different DAQ setup had to be used at the Pelletron facility. The setup
described in chapter 3.1 was modified to no longer require the external trigger using
analog amplifier and discriminator. Instead, the DAQ was operating in a non-waveform
mode using CAEN: DPP-PHA (digital pulse processing- pulse height analysis) firmware
which both captures and processes the triggered pulses. DPP-PHA is necessary to
reduce the large quantity of data using a fully digital approach capturing only the
quantities of interest instead of full pulse traces, a block diagram of the process is seen
in figure 4.6. The digital pulse traces after the decimator from all connected channels
are passed through a trigger-timing filter and a trapezoid filter to extract the energy and
time. The trigger-timing filter is used to generate a trigger and derive the time-stamp
by using a RC-CR2 algorithm. The RC filter or mean filter was used in the previous
section to reduce high frequency noise in the pulse trace and CR2 is the second order
derivative of the trace which transforms the pulse into a bipolar with a zero crossing
used to determine the time-stamp.

Figure 4.6: Block diagram of the digital pulse processing used to extract information from
pulse traces[20].

In parallel with the trigger-timing filter the pulse trace is processed by a trapezoid
filter transforming the charge-integrated and long exponential decay of the preamplifier
output into a trapezoidal shape whose amplitude is proportional to the energy. A more
detailed description of this process can be found in the reference [20].

Both time-stamp and energy is obtained from each of the 6 detector channels with
a corresponding id 1-6. A coincidence trigger margin is set manually by observing the
time difference between triggers in the dE and E detector. All events occurring within
this margin adds to the particle multiplicity which is saved for each event. This can
be used to determine dE-E coincidence events in case a particle interacts with more
than one detector. Thus every event correspond to a vector with detector id, energy,
time-stamp and multiplicity.
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Method and data processing

This chapter presents the method used for investigating the signal characteristics at
different angles of incidence at the Pelletron beamline. Furthermore, the offline data
analysis used to to filter and extract relevant information from the acquired data is
discussed.

5.1 Method

Initial detector and setup optimization was performed using an ion beam of 4 MeV
11B. The beamline slits were gradually opened while observing the preamplier output
using an oscilloscope with the detector adjusted to zero degrees angle of incidence. In
order to prevent radiation damage the slits were adjusted to reduce the count rate be-
low 50 Hz in the dE3 detector. Data was collected for approximately 15 minutes for
different bias voltages ranging from 0-100 for the E detector and and 0-7 volts for the
dE detectors. This was done in order to determine the bias voltage yielding optimal
detector resolution. When optimal bias voltage had been determined experiments were
performed using the four selected ion beams. Initially, data was collected from 4 MeV
11B with incrementally changing the detector angle in steps of 2.5 degrees from 0 up to
52.5 degrees collecting approximately 30000 events per angular setting with maximum
50 Hz per channel. This was followed by another set of measurements in increments of
1 degree from 0-15 degrees. The mylar degrador was used to investigate the detector re-
sponse at different ion energies. he accelerator was configured for 7 MeV 197Au ions and
data was acquired at angles ranging from 0-60 degrees in steps of 5 to 10 degrees. The
main intention for these experiments were to determine the first dead-layer thickness.
The charge species was later changed to 25.5 MeV 197Au16+ and experiments performed
between 0-50 degrees in steps of 10 degrees. Finally, 9 MeV 63,65Cu ions were used at
the beamline. Experiments were performed from 0-15 in 0.5 degree increments in order
to further investigate the channeling effect.

5.2 Digital data processing

The MST signal after the preamplifier from the 4 MeV 11B was observed using an
oscilloscope triggering on the E detector. A sample coincidence event in dE3 and E
can be seen in figure 5.1a. In pursuance of the digitization of the data using the
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DAQ the data acquisition settings were configured using MC2Analyzer (MC2A) software
which allows full control over all the relevant DPP-PHA parameters for each acquisition
channel such as trigger threshold, shaping parameters, etc [26]. While the shaping time
was set for optimal detector resolution the coincidence timing-trigger threshold could
be determined by observing the time difference between dE and E events in a timing
histogram (figure 5.1). The timing-trigger filter was set to accept events in between 0
to 1.1 us based on these observations.

(a) (b)

Figure 5.1: Figure (a) display one coincidence event of 4 MeV 11B observed using an oscillo-
scope while (b) shows a histogram of the time difference between events in dE and E detectors.

The data acquired using DPP-PHA from the DAQ was analyzed using ROOT CERN
software[22] which is a C++ based data analysis framework capable of handling large
data analysis. Histogram data from all detector channels can be seen in figure 5.2
corresponding to 15 min of beam exposure. The beam was mainly directed to the dE3
detector, however, due to scattering events and undefined beam-halo as well as other
beam impurities, events are seen in adjacent detector pads.

Figure 5.2: Unfiltered histogram data in all detector channels from 4 MeV 11B.

In this work only one detector pad (dE3) is investigated since only this pad had been
calibrated along the axis of rotation. The signal was therefore filtered to only include
coincidence events in dE3 and the E detector, in figure 5.3a only coincidence events
interacting with both dE3 and E are seen. However, some ions hitting the sides of the
detector will also deposit some of their energy in the nearby detectors dE2 and dE4.
By adding a constrained multiplicity of nhit=2 unwanted events are removed thus only
ions passing through the dE3 and E detector are selected (figure 5.3). For convenience,
dE3 is named dE in the coming sections.

The histograms of both dE and E after filtering are displayed in 5.4 with fitted
Gaussian functions.
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(a) (b)

Figure 5.3: Figure (a) displays the coincidences in both dE3 and E, (b) displays the filtered
data with added multiplicity constraint.

Figure 5.4: Histogram of 4 MeV 11B in dE3 and E after filtering.

A 2D dE-E particle identification spectra for 11B could be created with the coinci-
dence data after filtering (figure 5.5).

Figure 5.5: dE-E particle identification spectra for 4 MeV 11B.

This spectra shows the main peak corresponding to the 4 MeV 11B captured at 0
degrees angle of incidence. Furthermore, a tail extend towards lower energies starting
from the main peak combined with a few other spots corresponding to other ion species
and impurities in the ion beam. Interestingly, another tail extends towards higher
energies starting from the main peak. This was the first observation of the channeling
effect in the MST which is investigated in the following chapter.



Chapter 6

Results and discussion

In this chapter the results from the Pelletron experiment are presented and discussed.
Firstly, the bias voltage yielding optimal resolution for both dE and E detector is con-
ferred. Secondly, a general method used to quantify the channeling effect is presented
and used to determine the channeling of 11B and 63,65Cu ions in the MST for varying
angles of incidence. The influence of the channeling effect in the MST is discussed com-
bined with suggestions for the optimal detector orientation. This analysis is proceeded
by the investigation of both dead-layer thicknesses using data from 11B combined with 7
MeV 197Au. Based on the determined dead-layer thicknesses the detector is simulated in
SRIM and in doing so verifying the accuracy of simulation by comparing with obtained
results. Finally, the investigation is concluded with suggestions regarding optimal de-
tector configuration and a discussion regarding limitations for particle identification
using the MST.

6.1 Resolution vs bias voltage

To establish optimal working conditions for the MST prior to the angular experiments
the bias voltage yielding best possible energy resolution needed to be defined. The
detector was initially exposed to 4 MeV 11B beam at 0 degree angle of incidence while
varying dE and E detector bias voltage. The main peak in the spectra for both detec-
tors were fitted with Gaussian functions as seen in figure 5.4 providing both FWHM
and centroid peak position required to determine the detector resolution. Assuming
linear correlation between the channel number and energy, the resolution for both de-
tectors could be determined (see figure 6.1). Two data sets were gathered for both
detectors at different times. A slight difference in resolution between the data sets can
be attributed to a varying sensor temperature between the two experiments. The dE
detector resolution improved with applied bias, stabilizing above 5 V at 6% expected
from the increased charge collection due to the increasing depletion region. To prevent
damaging the dE detectors a bias voltage of maximum 7 V was selected. In contrary,
the E detector resolution indicated a deteriorating resolution with increased bias voltage
with an optimal resolution at around 0 V of 7%. This unexpected behavior demon-
strate that the depletion region increases inwards from the dE detector with increasing
bias voltage. Since the 11B has a short range into the E detector the built-in potential
create a sufficiently large depletion region capable of capturing the charge generated

30
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(a) dE detector (b) E detector

Figure 6.1: Detector resolution vs bias for both detectors. The bias for dE was finally set to
7 V while 50 V for the E detector.

by the ion. The decreased resolution could be caused by increased electrical noise from
bias power supply at greater current draw for higher bias voltages, this remains to be
verified. A bias voltage of 50 V was set for the experiment as additional measure to
increase the electric field to reduce plasma effects for heavier ions.

6.2 The channeling effect in the MST

6.2.1 4 MeV 11B

One of the main objectives of this work was to determine the influence of channeling
effect in the MST. The first indication of channeling was observed in the dE-E spectrum
where a tail could be seen smearing the peak towards the right with increasing E signal
and decreasing dE signal. This tail was noticeably angular dependent as was noticed
in the two scenarios in figure 6.2. Channeled particles deposit less energy in the ultra-
thin dE detector resulting in a greater signal in the E detector. The distribution of
partially channeled particles generate a tail starting from the main peak. Commonly
for very thin absorbers the peak resemble a landau distribution (refer to [25] for more
information) with a tail extending to higher energies, however, at dominant channeling
angles the tail resemble a Gaussian distribution see gray area in figure 6.8.

(a) 1 degree (b) 10 degrees

Figure 6.2: 4 MeV Boron signal in MST at different angles.
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In order to quantify the channeling effect a general definition is needed. The chan-
neling ratio was defined as the number of coincidence events with energy above 3 sigma
of the main peak in the E detector over the number of events within the main peak (see
figure 6.8).

(a) E detector projection (b) Channeling tail cutoff

Figure 6.3: These figures display the procedure used to define channeling ratio defined by the
number of events in the channeling tail Nchan divided by the events in the main peak Npeak.

To further confine the channeling region the last bin in the tail with more than 2
counts is set as the limit for both dE and E to exclude any beam impurities with higher
energy. This, in combination with a limiting dE cutoff at the centroid peak position,
creates a box of channeled events used to determine the channeling ratio (see figure
6.3b). The uncertainty in the channeling ratio was determined from the uncertainty
in the fit parameters of the Gaussian function in combination with Poisson statistics
of the number of counts in the peak and channeling region. Using this algorithm the
channeling ratio for 4 MeV 11B could be determined at the different angles of incidence
(see figure 6.4). Peaks with higher channeling ratio occur around 1, 20 and 37.5 degrees

Figure 6.4: Channeling ratio as a function of detector angle θ (see figure 6.6b).

where the number of channeled particles are up to 19% for 1 degree angle of incidence.
A clear minimum can be observed at around 10 degrees with less than 2% channeled
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particles. VESTA[23] was used in order to determine the crystal orientation based on
the observed peaks. A comparison between observed peaks and corresponding high
symmetry crystal orientations is seen in figure 6.5. A suggested crystal orientation of

Figure 6.5: Suggested crystal orientations for corresponding peaks with high channeling ratio.

[111] correlates well with the obtained results, indicating peaks corresponding to 〈231〉1
at 22 degrees and 〈120〉 around 39 degrees along the angle θ as can be seen in the
Kikuchi pattern, see figure 6.6. The slight angular offset could have been caused by the
cabling interfering with the rotation or in-proper positioning in target chamber. Since
only angle θ has been investigated a mirror symmetry is left unbroken. The complete
crystal orientation can be determined with further analysis along the detector angle φ,
see figure 6.6b. It is however expected that this angle suffers from a greater amount of
channeling since it follows a dominant crystal plane and should therefore be avoided.
For optimal working conditions the detector should be angled θ = 10 degrees with
respect to the ion beam at the anisotripic orientation in between [111] and 〈231〉.

(a) (b)

Figure 6.6: The Kikuchi patten for silicon at [111] direction with indicated symmetries is
seen in (a). The blue line indicates two possible orientations from [111] investigated in this
experiment. Figure (b) shows the detector with corresponding rotation axis and angles.

1This notation indicates the family of directions [123],[213],[231]...
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Additionally, the length of the channeling tail was investigated for the main chan-
neling peaks. The tail length for the channeling tail at 1 degree correspond to about
600 E channels which is approximately 35% of the peak position. This can be compared
to the E detector resolution of 7%. The channeling tail at 37.5 degrees had a length of
1100 E channels correspond to approximately 50 % of the peak position. The longer tail
at greater angles of incidence correspond to the longer crystal channel which allows for
a much lower energy loss compared to respective unchanneled particle. This indicates
the significance of the channeling effect in ultra-thin silicon detectors.

6.2.2 9 MeV 63,65Cu

The channeling effect was also observed using 9 MeV 63,65Cu ions as seen in figure 6.7a.
The increased smear observed in the spectrum could be caused by the existence of the
two naturally occurring isotopes of Copper 63 and 65. However, similarly to experiments
using 11B maximum channeling ratio occur near 1 degree with minimum channeling at
around 10 degrees. The channeling peak is much wider in comparison 11B as can be seen
in figure 6.7b which is expected according to equation 2.2.5 predicting a large critical
angle of 19 degrees for 9 MeV 63Cu. This can be compared to the approximate FWHM
of the peak which was 11 degrees. The model seem to fails at predicting the critical
angle for heavy slow ions. On the other hand the critical angle for the channeling of
4 MeV 11B was calculated to 5.5 degrees, this value can be compared to the peak at 1
degrees which has an approximate width of around 5 degrees. The channeling ratio for
the copper data is above 10 degrees is inaccurate. At these greater angles of incidence
the main peak is close to the second dead-layer which results in false channeling ratio
due to lower number of counts in the main peak.

(a) (b)

Figure 6.7: Figure (a) shows the signal from 9 MeV 63,65Cu at 0.5 degree angle of incidence.
Figure (b) displays the channeling ratio with respect to angle for both 9 MeV 63,65Cu and 4
MeV 11B.
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6.3 Detector dead-layers

Essential for the understanding of particle identification using the MST is the determi-
nation of the detector dead-layers. There are two dead-layers in the MST contributing
to particle energy loss, one in front of the dE detector and a second in between the dE
and E detector. In this section both dead-layers are determined using the data acquired
at varying angles of incidence using 7 MeV 197Au and 4 MeV 11B.

6.3.1 First dead-layer

The 7 MeV 197Au ion beam was chosen for its short range stopping in the dE detector
allowing accurate identification of the first dead-layer thickness. In the analysis of the 7
MeV 197Au only ions with multiplicity of 1 were selected, meaning particles which only
deposit energy in the first dE detector without reaching the E detector. The histogram
data of 7 MeV 197Au can be seen in figure 6.8a with a fitted Gaussian displaying its
centroid position xdE. Two peaks were observed in the histogram, the peak with lower
energy was likely caused by impurities in the accelerator beam and was not studied.

(a) (b)

Figure 6.8: Figure (a) displays the 7 MeV 197Au histogram data with a fitted Gaussian for 0
degree angle of incidence. The peak position at varying angle was used to determine the plot
seen in figure (b).

In section 2.2.2 a method for determining the dead-layer thickness was presented
which predicted the following linear relation,

xdE = −Edl1
GdE

(
1

cos(θ)

)
+
Etot
GdE

The centroid peak position xdE was plotted with respect to 1/ cos(θ) as seen in figure
6.10b. Since the energy of the incoming ion is known both the effective detector gain
GdE and energy lost in the dead-layer Edl1 could be calculated from the coefficients of the
fitted function. Since Etot

GdE
= 2737±50 the gain could be calculated to GdE = 2.56±0.05

yielding Edl1 = 2.25±0.14 MeV lost in the dead-layer at zero degree angle of incidence.
Using SRIM simulations the first dead-layer could be determined to 520 ± 25 nm of
equivalent silicon thickness (see figure 6.9). The large stopping power of the 7 MeV
197Au ion is of concern which could result in plasma effects as well as non-ionizing
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energy losses through phonon excitations which affects the calculated gain. However,
this calculation assume equal non-ionizing energy losses in both detector and dead-layer,
with this approximation the gain does not affect the calculated dead-layer thickness.

Figure 6.9: Simulated range of 197Au in silicon at varying energy. The calculated 197Au energy
is indicated with corresponding range in silicon.

6.3.2 Second dead-layer

Combined with the previously determined first dead-layer thickness the second dead-
layer thickness can be deduced using the data obtained from the 4 MeV 11B run. Since
the energy loss is roughly constant to a depth of 3 µm in silicon according to simulations
(fig 4.5a) both dead-layers can be approximated as a single larger dead-layer where
Edl1 +Edl2 = Edl. Analogous to the calculation done in section 2.2.2 the signal in both
detectors with respect to angle is given by Etot = GdExdE +GExE + Edl

cos(θ)
where GExE

is the gain and signal of the E detector. This function can be rewritten accordingly,

(p0xE − xdE) =
Edl
GdE

(
1

cos(θ)

)
− Etot
GdE

(6.3.1)

where,
∂xdE
∂xE

= −GdE

GE

= p0. (6.3.2)

Since the gain GdE obtained using 7 MeV 197Au was not trusted due to the vastly
different stopping power the gain of both detectors were required. Luckily, the chan-
neling effect provide the information needed. Based on energy conservation particles
channeling through the first detector will deposit this energy in the second detector.
The slope of the channeling tail therefore gives an insight in the gain ratio between the
two detectors. Values for xdE and xE were obtained from the main peak coordinates
while the gain ratio p0 (see eqn. 6.3.2) was determined from the slope of linear fit of the
channeling tail (see figure 6.10a). The average value for the gain ratio was determined
to p0 = GE/GdE = 0.70 ± 0.03 while the peak position for dE and E were obtained
at the different angles of incidence. In figure 6.10 the gain ratio and peak position
have been plotted with respect to 1/ cos(θ) which indicate a linear trend predicted by
equation 6.3.2. The coefficients from the linear fit combined with determined gain ratio
yield GdE = 0.94 ± 0.02 and GE = 0.66 ± 0.05. The significantly different gain for
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(a) (b)

Figure 6.10: The 2D histogram in (a) displays the dE-E identification spectrum with centroid
peak position and the slope of the channeling tail p0 determined at varying angles of incidence
to create the plot in (b).

dE detector compared to the previously determined gain of GdE = 2.56± 0.05 confirm
the suspicions. Detailed calculations with full damage cascades performed in SRIM
reveal an effective gain for 7 MeV 197Au, excluding phonon and target damage losses,
of GdE = 2.08± 0.05. The remaining difference in dE detector gain between the 197Au
and 11B experiments indicate insufficient charge collection for heavy ions likely caused
by the plasma effect. This observation could hinder the possible use of the MST in
heavy ion identification applications.

Using the determined gain and coefficients from the linear fit, the energy lost in
the dead-layers could be obtained. Combined with the known first dead-layer thickness
additional simulations reveal the energy lost in the second dead-layer Edl2 = 738 ± 66
keV. Similarly to the previous dead-layer calculation the second dead-layer thickness
could be deduced to 788± 70 nm of equivalent silicon thickness.

6.3.3 Active dE detector region

With both dead-layers determined the size of the active dE detector region remain
largely unknown. In order to determine the MST structure at the selected bias the
detector was simulated in SRIM with a variable dE detector thickness (see simulation
in appendix B). Simulations were performed at varying angles of incidence using 4
MeV 11B on the simulated telescope. The energy deposited in the dE and E detector
were calculated for different angles and compared to the experimentally obtained values
(figure 6.11). At zero angle of incidence the thickness of the active dE detector region
correspond to a thickness of 1.6 µm silicon. However, experimental data diverges from
the simulated at greater angles of incidence and at 50 degrees the thickness correspond
to approximately 1.3 µm silicon. This can be attributed to the assumption that the
depletion region can be replicated using a step function. A more realistic scenario is a
continuous depletion region where the electric field decreases at the boundaries of the
active detector regions.
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(a) (b)

Figure 6.11: Simulated MST signal in the dE detector (a) and E detector (b) at different
angles of incidence compared to calibrated experimental data.

6.3.4 Detector gain and calibration

Experiments were performed using mylar degraders with different thickness in order
to vary the energy of the 11B beam. The resulting 11B signal after the degraders of
different thickness can be seen in figure 6.12 with the corresponding calculated beam
energy using SRIM.

(a) no degrader: 4 MeV (b) 0.5 µm mylar: 3.5 MeV

(c) 1 µm mylar: 3.1 MeV (d) 1.5 µm mylar: 2.6 MeV

Figure 6.12: MST signal from 11B at different energies.
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The detector signal of the 11B beam after degrader thickness with corresponding
beam energy energies 4, 3.5, 3.1 and 2.6 MeV could be compared with the response
from the replicated detector in the simulation program. 11B ions at the different energies
were simulated at zero degree angle of incidence into the detector with (520+1600+788)
nm silicon corresponding to the first dead-layer, dE detector and the second dead-layer
respectively. The transmitted ion energy corresponding to the energy deposited in the
E detector could be compared to the calibrated signal from the MST of the ions at
different energy, see figure 6.13.

Figure 6.13: Simulated vs calibrated E detector response at varying 11B energy.

The response from the E detector show that the calibration is indeed linear with
respect to the simulated values. To further conclude the accuracy of the determined
detector characteristics simulations could be evaluated using a second independent sim-
ulation program such as GEANT4 [27]. Since the dE-E identification spectra of 11B is
almost horizontal in the investigated energy regime the dE detector signal could not be
compared due to the insufficient detector resolution.

6.3.5 25.5 MeV 197Au

In addition to 7 MeV 197Au a different charge state was tested with 25.5 MeV. Un-
fortunately due to large amount of impurities the beam species could not be properly
identified.

6.3.6 Optimal detector configuration and outlook

This work provide significant information of the MST characteristics in an in-beam
environment in preparation for the study of the 8Li(4He, n)11B reaction cross-section.
Both dead-layers and active dE detector region have been determined, combined with
an extensive investigation revealing the influence of the channeling effect in the MST.
To assure optimal detector performance with minimal channeling effect the telescopes
should be oriented θ = 10 degrees facing the anisotropic region indicated in the Kikuchi
pattern, seen in figure 6.14a. Based on the determined dead-layer thicknesses the de-
tector threshold for the detection of 11B could be determined. The minimum detectable
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(a) (b)

Figure 6.14: Kikuchi pattern of [111] silicon, the blue regions indicate optimal detector ori-
entation with low particle channeling. The angles correspond to the detector orientations
indicated in figure 6.6b. Figure (b) show the simulated range of 2.4 MeV 11B into the detector
at 10 degrees angle of incidence.

11B with the detector oriented 10 degrees was 2.4 MeV based on range simulations using
a detector thickness of (520+1550+788) nm, see figure 6.14b.

Due to the limited beam-time only one detector pad was investigated in this work.
Future experiments could reveal the similarity of the dead-layer thicknesses between
detector pads on each MST which likely varies slightly due to discrepancies in the
manufacturing process. Additional experiment could determine the channeling effect
along φ, in doing so, verifying the exact crystal orientation of the MST.

6.4 Conclusion

This work is dedicated to detailed characteristics of the dE-E monolithic silicon tele-
scope essential for the future use of the MST in the low energy cross-section measure-
ment of 8Li(4He, n)11B. Restricting the angle of incidence of particles to 10 degrees in
between [111] and 〈231〉 would result in a significantly improved signal by reducing the
channeling effect. In addition, the detector dead-layers could be determined to 520±25
nm for the first and 788± 70 nm for the second of equivalent silicon thickness with an
active dE detector region of 1.6 µm at zero degrees angle of incidence. Using the iden-
tified detector configuration the minimal 11B energy at the optimal MST orientation
of 10 degrees was determined to 2.4 MeV. Furthermore, experiments reveal possible
limitations for heavy ion particle identification due to phonon losses and in particular
plasma effects affecting the charge collection in the ultra-thin dE detector.
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Appendix A

The Tandem Pelletron accelerator

In this experiment a type of particle accelerator is used based on the the old principle of
electrostatic acceleration of charged particles, called the Pelletron accelerator. Similar
to Van Der Graaf accelerators the Pelletron achieve large electrostatic fields from a
charge carrying belt. Unlike the Van de Graaf accelerator the belt is made out of a
chain of insulated metallic pellets thereby its name 4. The Tandem Pelletron used in
this experiment is of type 5SDH-2 developed by National Electrostatic Corp operating
at Nishina center, RIKEN.

Figure A.1: Cross-section of a pelletron accelerator.

Negative ions are created in an ion gun at one end of the accelerator using a Source of
Negative Ions by Cesium Sputtering (SNICS)[18]. The transfer of the valence electron
from Cs to the sample of choice inserted in the ion gun generate negative ions of charge
-1 which are accelerated out from the gun and steered into the Pelletron accelerator.

A schematic overview insides the Pelletron accelerator is seen in figure A.1. A large
positive charge is accumulated at a terminal in the middle of the accelerator reaching
potentials up to 1.7 MV. This high potential can be achieved without discharge by
containing the accelerator inside a high pressure chamber with high density SF6 gas.
When negative ions are introduced at one end of the accelerator they will accelerate
towards the positive high voltage terminal. when reaching the terminal a stripper gas

42
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of Rubidium awaits the ions which will strip electrons away from the ions thereby
changing the ion charge from negative to a variety of positive charge states. The charge
conversion results in a repulsive force on the ions from the positive terminal, the ions
will therefore accelerate once again away from the terminal towards the other end of
the accelerator. This accelerator method allows makes it possible to reach greater ion
energies with lower terminal voltage compared to single stage electrostatic accelerators.
Depending on the charge state of the resulting ion after the charge stripper the ions
will obtain a final energy Eion at the end of the accelerator given by,

Eion = V · (n+ 1)

where n is the final charge state of the ion and V is the potential of the positive
HV terminal. The final positive ion beam accelerated by the Pelletron contain many
different charge states with different energy. The beam therefore require further charge
and momentum selection which is done using a large dipole bending magnet combined
with a set of focusing quadropole magnets which select and focuses the beam on to the
target.



Appendix B

MST simulated in SRIM

Figure B.1: Ionization inside replicated MST structure in SRIM with 4 MeV 11B beam.
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