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Abstract 

The construction of a Frisch grid ionization chamber with positional sensitivity to 

ionizing particles is presented in this work. The SCI-CASTER project in the Simon Fraser 

University Nuclear Science Laboratory aims to achieve both high energy resolution and 

the ability to perform full 3D reconstruction of ionizing particle tracks. SCI-CASTER 

prototype 1.9 is discussed in this work as the first prototype detector in the SCI-CASTER 

project that has demonstrated sensitivity to the spherical azimuthal angle of emission of 

alpha particles emitted from an electroplated triple-alpha source. A dedicated test setup for 

conducting experiments with ionization chamber detectors has also been established, 

complete with anti-vibration mounting to limit mechanical vibration, computer controlled 

gas and high voltage systems, and a waveform digitizing data acquisition system with 

support for up to 120 signal inputs. 

Keywords:  Ionization chamber; tracking of ionizing particles; Frisch grid 
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Chapter 1. Introduction 

A gas ionization chamber is a type of radiation detector that operates based on 

incident radiation ionizing a gaseous medium. These detectors are a popular choice for 

radiation dose measurements in industry and medicine when operated in a direct current 

(DC) mode. In the field of nuclear research however, these same detectors with minor 

geometry adjustments and alternating current (AC) operation, can prove to be one of the 

best tools for performing alpha particle spectroscopy [1], [2], [3] and fission fragment 

analysis [4], [5], [6], [7]. This work will outline the process of building and evaluating the 

second design in a series of prototype detectors aimed at performing high energy and 

spatial resolution alpha spectroscopy with low-activity sources. This series of prototypes 

is known as the Segmented Conductor Ionization Chamber for Advanced Spectroscopy 

Targeting Emitters of alpha Radiation, or the SCI-CASTER project. 

1.1. Alpha Decay and Ionization Processes 

Alpha particles are a type of ionizing radiation, where other common types include 

beta particles and gamma rays. These can be produced in a variety of ways, however, the 

detector discussed in this work is being built to detect alpha particles that result from alpha 

decay. 

Alpha decay arises from heavy nuclei (the initial nuclear species 𝑋 with atomic 

mass 𝐴 and atomic number 𝑍) that are energetically unstable and decay to the final nuclear 

species 𝑌 by releasing a 4He nucleus, otherwise known as an alpha particle [4, p. 6]: 

𝑋𝑍
𝐴 → 𝑌𝑍−2

𝐴−4 + He2
4 . (1.1.1) 

 As seen in Eq. 1.1.1, an alpha particle has a charge of +2𝑒, where 𝑒 is the 

elementary charge. Once emitted, an alpha particle ionizes surrounding atoms by attracting 

their electrons through the Coulomb force, where this can have one of two effects: 
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1. Excitation: Electrons in the affected atom are pulled to a higher energetic state. 

2. Ionization: Electrons in the affected atom are ejected, thus producing a free electron 

and a positive ion (referred to as a charge pair). 

With each interaction listed above an alpha particle will lose some energy1. As the 

particle travels through a medium and undergoes multiple interactions, it will eventually 

lose all its energy and stop. For a medium with a low first ionization potential, that is, with 

a small energy required to remove a single electron from an atom, the ionization process is 

of particular interest. Under these conditions, the location and quantity of the generated 

charge pairs is reflective of the incident alpha particle’s energy and path and therefore 

provides an indirect means of characterizing alpha radiation. 

1.2. Applications of Alpha Spectroscopy 

While there are practical applications for alpha spectroscopy, the field is also of 

great interest in fundamental nuclear research. Brief descriptions of some of the use cases 

are given here, with emphasis on the benefits of ionization chamber technology where 

applicable. 

1.2.1. Alpha-Gamma Angular Correlation and Perturbation Studies 

Alpha-gamma angular correlation experiments are used to characterize external 

factors that perturb the angle of emission between an alpha particle and a gamma ray. In 

isolation, this angle can be determined based on analysis of alpha-gamma decay properties. 

In reality however, there is the potential for hyperfine interactions, for example with the 

surrounding environment, that are not necessarily known and that will change the angles 

of emission between the alpha particle and the gamma ray.  

A typical experimental setup for perturbation studies consists of an array of gamma 

ray detectors positioned around the source alongside one or multiple silicon surface barrier 

(SB) alpha particle detectors [8], [9], [10]. The angles between the detectors are either held 

 
1 There is an upper limit to the energy lost per collision, this is discussed in Appendix A 
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at a known constant for the duration of the experiment, or the alpha detectors are moved 

relative to the gamma ray detectors to cover multiple angles. 

The inherent downside of using discrete SB detectors is that the efficiency, that is, 

the fraction of total alpha emissions that are detectable, is strictly limited by the angle of 

acceptance of each SB detector. By contrast, a position-sensitive ionization chamber can 

in principle detect all alphas emitted from the face of the source, and therefore greatly 

increase sensitivity and/or reduce experiment runtime. 

1.2.2. Uranium Series Disequilibrium Studies 

One of the practical applications of alpha spectroscopy is the dating of mineral 

samples in geological studies using uranium series disequilibrium measurements. This 

method of dating allows for the time of formation to be determined by calculating the 

intensity ratios of various isotopes along the uranium decay chain [11], [12]. While not 

requiring multiple angles to be observed as done in perturbation studies, the efficiency of 

an ionization chamber is still far superior to an SB detector. This should prove to be a 

significant upgrade to the process, provided that the necessary energy resolution can be 

achieved (this topic is discussed further in Section 1.3). 

1.2.3. Isotope Lifetime Measurements 

While ionization chamber detectors are capable of measuring the lifetimes of alpha 

emitters in general, they are particularly applicable to measurements of low-activity 

isotopes. This is because alpha particles are easily stopped in the solid source material from 

which they originate, and therefore the thickness of the prepared source must be kept to a 

minimum to avoid energy smearing of the detected particles and outright losses in the 

material. For an isotope with a long half-life, this means that a thin source material with a 

large surface area is required to achieve an acceptable activity rate, and therefore a detector 

system with a large angle of acceptance is required. It is clear then, that an ionization 

chamber scaled up to contain the source material is an ideal detector for this application 

[1], [3], [13]. 
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1.2.4. Neutron Induced Reaction Studies 

Neutron induced reactions involve a thin target material being bombarded by 

neutrons, where these neutrons may be a random flux or a beam directed at the target. 

Particularly due to the recent developments in fusion technology, measuring reaction cross 

sections of various materials when interacting with 14.2 MeV neutrons2 has become of 

interest [14]. In the case of using a random neutron flux, a detector that does not degrade 

with exposure to radiation is ideal, and this role is easily filled by an ionization chamber in 

which the gas medium is flowed and constantly replaced as the experiment runs. In the 

experiment detailed in [14], where a pencil beam was used to reduce background 

interactions, an ionization chamber would increase the efficiency of the experiment and 

therefore increase sensitivity and allow for a reduced runtime. 

1.3. Consideration in Alpha Detector Design 

As seen in Section 1.2, there exist multiple technologies for detecting alpha 

particles, where each will have its own distinct advantages and drawbacks. A brief 

overview of different detector classes and designs is presented here. 

1.3.1. Gaseous Detectors 

Gaseous detectors operate on the principle of alpha particles ionizing a known 

gaseous medium, and subsequently measure the drift of charges as they traverse an electric 

field supplied by electrodes in the detector volume. These detectors are usually 

manufactured using copper plates or printed circuit boards (PCBs) alongside wire wound 

frames, thus making the physical construction of a gaseous detector more affordable and 

simple when compared to other detector technologies. Furthermore, since the signals read 

out from these detectors are reliant on the induced charge from the movement of charge 

pairs, it is possible to build tracking chambers by utilizing multiple electrodes. Two 

relevant examples of gaseous detectors are ionization chambers and wire chambers. 

 
2 Deuterium-Tritium (D+T) fusion produces 14.2 MeV neutrons. 
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A typical ionization chamber measures the drift of charges between two detector 

regions divided by a wire grid known as a Frisch grid, where the charges at the end of their 

drift are collected by the positively charges anode electrode. The anode and cathode take 

the form of two large conductive surfaces, thus giving the chamber an appearance of the 

simple parallel plate capacitor with large plate spacing. By comparison, a wire chamber 

uses either a single or multiple wires to collect the charges, thus giving inherent positional 

sensitivity to multi-wire designs utilizing multiple readout channels. This style of detector 

is commonplace in high-energy physics [15], [16]. 

Energy resolution in gaseous detectors is typically between 40 keV and 200 keV 

[4], [3], [17], with a lower limit imposed by a value known as the Fano factor (this is 

discussed further in Section 3.2.2).  

1.3.2. Semiconductor Detectors 

Semiconductor detectors, while generally being more expensive and complex than 

gaseous detectors, offer superior energy resolution typically around 20 keV. One of the 

most common choices for semiconductor detectors used for alpha spectroscopy is the SB 

detector, as seen in Section 1.2. These discrete detectors [18], while convenient, offer no 

positional sensitivity (outside of the known physical location of the detector) and are 

limited to a small window of acceptance, which in turn limits the efficiency of the detector. 

Using multiple SB detectors in an array is an option, however, full coverage of the alpha 

source would be a costly and complex process. As an alternative, silicon strip or pixel 

detectors are used to achieve a much higher detector density by segmenting the silicon-

based electrodes [4, p. 493], greatly mitigating the issue of positional sensitivity. Again, 

this comes with a large cost and complexity associated with the readout and amplification 

of many individual silicon detectors.  

1.3.3. Scintillation Detectors 

Scintillation detectors operate by using a light-sensitive component such as a 

photomultiplier tube (PMT) or PIN diode coupled to a scintillating material. A scintillator 

emits light in a given wavelength range when struck by ionizing radiation, thus creating an 
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optical signal proportional to the energy of the interacting particle. While PMTs are costly, 

PIN diodes or other types of photodiodes are relatively inexpensive, and therefore creating 

entire detector arrays to achieve positional resolution and angular coverage is feasible. This 

has been done using Thallium-doped Cesium Iodide scintillation detectors [19], and has 

been used in in-beam experiments multiple times. 

The major caveat with these detector systems is that each scintillator and its light 

sensor must be optically isolated from all others, or light will escape resulting in signal loss 

and crosstalk on other detectors. To alleviate this, each detector is wrapped in a light-tight 

foil, however, this results in some energy loss as alpha particles enter the scintillator face, 

and for this reason there is an inherent degradation to energy resolution. Because of this, 

the energy resolution of such a system is typically between 280 keV and 550 keV for alpha 

particles [20], [21]. 

1.4. Ionization Chamber Applications at the SFU Nuclear Science 

Laboratory 

The SCI-CASTER project was started due to the advancements in spectroscopic 

capabilities it could provide in the Simon Fraser University Nuclear Science Lab (SFU 

NSL). In particular, the design’s potential to track alpha particles while being highly 

adaptable to geometric constraints and able to survive in neutron radiation fields puts it in 

a unique position to fulfill multiple roles in the lab. 

1.4.1. Operation with the 8Pi Gamma Ray Spectrometer 

The SFU NSL houses a full 4π coverage gamma ray spectrometer called the 8Pi 

[22], which uses two layers of gamma ray detectors for simultaneous high-efficiency and 

high-resolution gamma ray measurements. The spectrometer is presently being refurbished 

to operate with modernized electronic hardware and computer systems, where it was 

previously in service at the TRIUMF ISAC-1 facility and Chalk River Laboratories before 

this. When complete, usage of the 8Pi alongside a miniaturized SCI-CASTER detector will 

allow for alpha-gamma correlation studies as detailed in Section 1.2.1. Further, a twin-

sided chamber can be used to perform fission fragment analysis on a radioactive source or 
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on samples activated in a neutron field. Construction of this detector will be challenging 

due to the physical constraints of the 8Pi core (Figure 1.4.1), particularly with regard of to 

the proximity of amplifier circuits to the detector and holding gas pressure in a complex 

containment vessel.  

 

Figure 1.4.1: One half of the 8Pi spectrometer core with vacuum chamber installed. The 

vacuum chamber is 8” in diameter and is flanked by an inner layer of Bismuth 

Germanium Oxide (BGO) gamma ray detectors. 

1.4.2. Neutron Induced Reactions in the Neutron Generator Facility 

The basement of the SFU NSL is known as the neutron generator facility (NGF). 

The facility houses a Thermo-Fisher P385 neutron generator in a concrete vault [23], [24], 

which can be used for the irradiation of either target materials for in-vault experiments, or 

irradiation of samples that can be transported to other detection systems (the 8Pi for 

example). This facility, when coupled with appropriate neutron shielding and targets of 

interest, can be used in conjunction with a future SCI-CASTER detector to perform neutron 
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induced reactions, much like the setup described in [14]. Should any experiments require 

that the full detector be exposed to the neutron field, ionization chambers have the 

advantage that unlike semiconductors, their gaseous medium can be flowed continuously 

to replace any gas damaged by radiation. Reactions are also not limited to alpha particles, 

as both protons and fission fragments can be studied with minor detector modifications. 

1.4.3. The Long-Lived Emitters of Alpha Particles Program 

The Long-Lived Emitters of Alpha Particles Program (LLEAP Program) is aimed 

at the measurement of alpha emitters with long half-lives as discussed in Section 1.2.3. An 

oversized ionization chamber is intended to be built within the current test vessel and be 

used specifically for the measurement and verification of such isotope lifetimes. The 

tracking capabilities of SCI-CASTER detectors will allow for the rejection of events that 

come from outside of the detector, and its size will enable a high efficiency such that 

measurement times are feasible. Work in this area has already been explored in references 

[1], [3], [13], where it has been demonstrated that ionization chambers are ideal detectors 

for these types of experiments. 
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Chapter 2. Conventional Ionization Chamber Theory of 

Operation 

Before discussing the practical implementation of an ionization chamber, it is first 

important to characterize the detector’s behavior from the ground-up under ideal 

circumstances. We begin with the ionization of the detector gas environment, followed by 

the addition of detector electrodes and their respective electric fields. Finally, a discussion 

on induced charge and the expected signal outputs is presented. 

2.1. Ionization of a Gas 

To begin, consider an alpha particle point source immersed in a known gas at a 

known pressure. The specific energy of the alpha particles emitted from the source is 

unimportant for now, however for reference, energies between 4 MeV and 6 MeV are 

common. As alluded to in Chapter 1, alpha particles can be easily stopped in a few 

centimeters by a gas alone, and their range in most solids is sub-0.1 mm. Therefore, alpha 

sources need to be a thin layer of material with no protective casing. This is because the 

alphas would not only be stopped by a casing, but experience energy losses by interacting 

with the source material from which they originate. This is of particular concern when 

measuring the energy resolution of a detector, since the source material itself can cause a 

low-energy smear that overshadows the detector response. For this reason, alpha particle 

spectroscopy sources are typically electroplated on a metallic surface with a sub-micron 

thickness, and even so come with a quoted full width at half max (FWHM) denoting the 

best observable resolution possible. An illustration of how source material thickness can 

affect the energy of an alpha particle is shown in Figure 2.1.1: 
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(a) 0.1 µm samarium 

thickness. 

(b) 1.0 µm samarium 

thickness. 

(c) 5.0 µm samarium 

thickness. 

Figure 2.1.1: Ziegler TRIM [25] simulations of 147Sm alpha particles traversing varying 

thicknesses of source material and exiting into argon gas. Particles are emitted left-to-

right at the same energy of 2248 keV, the reduction in path length comes from energy 

being absorbed by the source material itself. 

Once an alpha particle has escaped from the source material, it will repeatedly 

interact with the gas atmosphere, losing energy with each interaction and ionizing the gas 

thus producing positively charged ions and free electrons. The path of charges left behind 

by the alpha is known as a charge track. The average energy per ionization is given by a 

measure known as the W-value which is discussed briefly in Section 3.2.1. This means that 

once the alpha particle has given up all energy to ionizing the gas, the number of charges 

now drifting freely in the gas is proportional to the energy of the alpha particle. If a method 

of determining the total charge in the gas is then implemented, an indirect measurement of 

the energy of the alpha particle can be performed. Further, if the location of the charges 

can be determined, the trajectory of the alpha particle can be characterized. 

It is the measurement of these charges that is the basis of ionization chamber 

operation, which will now be expanded upon by considering a common ionization chamber 

geometry. 

2.2. Detection of Ionizing Particles Using an Ionization Chamber 

For this section, a design known as the Gridded Ionization Chamber will be 

considered (Figure 2.2.1). This design is distinct in that it utilizes a parallel wire grid known 

as a Frisch grid, named after its inventor Otto Frisch. These detectors are also known as 
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Frisch Grid Ionization Chambers (FGICs), are a very common if not the most common 

design in existence, and are the basis of the SCI-CASTER project. Notice that the FGIC is 

divided into two regions by the Frisch grid. These regions are known as the ionization 

region (where the gas atmosphere is ionized by alpha particles) and the collection region 

(where the generated charges are collected). 

 

Figure 2.2.1: Basic structure of an FGIC. 

In order to determine the total charge produced by the alpha particle ionizing a gas, 

a static electric field is applied to the detector shown in Figure 2.2.1. Under the influence 

of this electric field, the free charges will drift through the detector volume until impacting 

the detector electrodes. A common misconception is that it is solely the collection of these 

charges that result in a charge deposit on the electrodes. In actuality this is not the case, 

and it is in fact the drift of charges through the electric field supplied by the electrodes that 

results in opposite induced charge buildup, eventually followed by charge collection. This 

effect is explained by the Shockley-Ramo theorem [26]. 

2.3. The Shockley-Ramo Theorem 

The Shockley-Ramo theorem states that the movement of charges under the 

influence of an electric field supplied by an arbitrary conductor will induce opposing 

charges in that same conductor. This means that as the charge pairs drift through the 

detector shown in Figure 2.2.1, a charge buildup is observed on the electrodes from the 
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instant the charges start to move, and long before they come into contact with the 

electrodes. 

The full derivation of the theorem can be completed using References [26] and [27], 

and is given in Appendix B. The results of the derivation are the time-dependent induced 

charge 𝑄(𝑡) and current 𝑖(𝑡) on an arbitrary electrode by a particle point charge: 

𝑄(𝑡) = −𝑞𝜑2𝑅(𝑠(𝑡)), (2.3.1) 

𝑖(𝑡) = 𝑞𝐸⃗⃗2𝑅(𝑠(𝑡)) ⋅ 𝑣⃗(𝑡), (2.3.2) 

where 𝑞 is the particle’s charge, 𝑠 is the position of the point charge, 𝑣⃗ is the velocity of 

the point charge, and 𝜑2𝑅 and 𝐸⃗⃗2𝑅 are the Ramo weighting potential and Ramo weighting 

field, respectively. Of important note here (and shown in Appendix B) is that the Ramo 

weighting potential is equivalent to the electrostatic potential divided by the units of Volts, 

and that the Ramo weighting field is equivalent to the electric field divided by the units of 

Volts. 

 Equations 2.3.1 and 2.3.2 are general statements which may be applied to any 

geometry. For the simplest case, which applies to a parallel plate detector design of 

sufficient radius and voltage such that electric field fringing effects are negligible, the 

Ramo weighting field for the detector anode becomes -1/D, where D is the distance 

between the parallel plates (Figure 2.3.1). 

 

Figure 2.3.1: Parallel plate ionization chamber geometry. 
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 Knowing that the line integral of the electric field is equal to the electrostatic 

potential, 

φ2𝑅(𝑠(𝑡)) = − ∫𝐸⃗⃗2𝑅(𝑠(𝑡)) ⋅
𝐶

𝑑𝑠(𝑡). (2.3.3) 

The weighting field of -1/D assumes that the electric field is uniform and 

perpendicular to the plate planes. Further, it is assumed that the drift of charges in the 

detector is also perpendicular to the plate planes. Under these assumptions, 

𝐸⃗⃗2𝑅(𝑠(𝑡)) = 𝐸2𝑅𝑒̂𝑧 , (2.3.4) 

𝑠(𝑡) = 𝑠(𝑡)𝑒̂𝑧, (2.3.5) 

and therefore: 

φ2𝑅(𝑠(𝑡)) = − ∫𝐸2𝑅𝑒̂𝑧 ⋅
𝐶

𝑑𝑠(𝑡)𝑒̂𝑧

= − ∫𝐸2𝑅𝑑𝑠(𝑡)
𝐶

= − ∫ −
1

𝐷𝐶

𝑑𝑠(𝑡)

=
1

𝐷
∫𝑑𝑠(𝑡)

𝐶

=
𝑠(𝑡)

𝐷
.

(2.3.6) 

Under the assumption that the velocity of the charged particle is constant,  

𝑠(𝑡) = 𝑣𝑡, (2.3.7) 

𝑣𝑡 ≤ 𝑑, 

we may simply state 

𝑄(𝑡) = −
𝑞𝑣𝑡

𝐷
. (2.3.8) 
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2.4. Induced Signals in an FGIC 

An intuitive understanding of the signals expected from an FGIC can be attained 

by considering the FGIC structure shown in Figure 2.2.1 alongside Equation 2.3.8. The 

purpose of the Frisch grid is to decouple the electric fields in the two regions of the detector 

while simultaneously allowing charges to drift through it and reach the anode. While in 

practice there are several caveats and phenomena that arise from the design of the grid, it 

is for now assumed that the Frisch grid perfectly decouples the detector fields and is 

completely transparent to charge drift. Further, it is also assumed that the drift of ions is 

~1000x slower than the drift of electrons through the detector (This assumption is explored 

further in Section 2.5). This means that for a single charge track, the effects of ion drift can 

be safely ignored when plotting the induced signal from electron drift. 

Under these assumptions, consider two time intervals for charge drift resulting from 

a single alpha particle track: 

Time Interval 1: Electrons are drifting through the ionization region towards the Frisch 

grid, ions are drifting towards the cathode. 

Time Interval 2: Electrons are drifting through the collection region away from the Frisch 

grid, ions are still drifting towards the cathode. 

The addition of a charge track to the FGIC geometry with the mean of the charge 

distribution along the track denoted by 𝑥̅ is shown in Figure 2.4.1. 
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Figure 2.4.1: A single alpha particle track and its mean charge distribution. 

For the purposes of this work, the anode and Frisch grid induced charges are of 

interest and can be found by substituting parameters from Figure 2.4.1 into Equation 2.3.8 

to yield the time-dependent induced charge for each time interval. Note that the induced 

charge due to ion drift is consistent across both time intervals, and it is therefore given only 

once under time interval 1. 

Time Interval 1: 

𝑄𝑔𝑟𝑖𝑑,𝑖𝑜𝑛(𝑡) = −
𝑁𝑒

𝐷𝑐𝑔

(𝑣𝑖𝑜𝑛𝑡), (2.4.1) 

𝑣𝑖𝑜𝑛𝑡 ≤ 𝑥̅𝑐𝑜𝑠(𝜃), 

𝑄𝑔𝑟𝑖𝑑,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛(𝑡) =
𝑁𝑒

𝐷𝑐𝑔

(𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡), (2.4.2) 

𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡 ≤ 𝐷𝑐𝑔 − 𝑥̅𝑐𝑜𝑠(θ), 

𝑄𝑎𝑛𝑜𝑑𝑒,𝑖𝑜𝑛(𝑡) = 𝑄𝑎𝑛𝑜𝑑𝑒,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛(𝑡) = 0. (2.4.3) 

Time Interval 2: 

𝑄𝑔𝑟𝑖𝑑,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛(𝑡) = −
𝑁𝑒

𝐷𝑔𝑎

(𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡), (2.4.4) 



16 

𝑄𝑎𝑛𝑜𝑑𝑒,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛(𝑡) =
𝑁𝑒

𝐷𝑔𝑎

(𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡), (2.4.5) 

𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡 ≤ 𝐷𝑔𝑎, 

where 𝑁 is the number of charge pairs, 𝑒 is the elementary charge, 𝑣𝑦 is the drift velocity 

of the particle 𝑦, and 𝑡 is the drift time.  

The above equations result in piecewise waveforms for the grid and anode 

electrodes. Under the assumption that the induced charge due to ion drift is negligible on 

the time scale of electron drift, the induced charge waveforms expected in an FGIC can 

easily be plotted and are shown in Figure 2.4.2. These waveforms will have a positive 

polarity as derived above, since the induced charge on the electrodes opposes the polarity 

of the drifting charge. Note that due to charge being distributed along the length of the 

alpha track, the sharp boundaries between regions are in practice expected to have 

smoothed transitions. 

 

Figure 2.4.2: Ideal, expected signals from an FGIC. Note the difference in signal 

behavior based on the angle of emission, where the blue and red lines indicate a grazing 

polar angle, and the dashed green and yellow lines indicate a polar angle of 

appproximately 60°. 
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The Frisch grid waveform shown in Figure 2.4.2 has a maximum amplitude 

governed by Equation 2.4.2 and its upper limit imposed on 𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡 which yields 

𝑄𝑔𝑟𝑖𝑑,𝑚𝑎𝑥𝑖𝑚𝑢𝑚 = 𝑁𝑒 (1 −
𝑥̅𝑐𝑜𝑠(𝜃)

𝐷𝑐𝑔
) . (2.4.6) 

 Similarly, the anode waveform has a maximum amplitude governed by Equation 

2.4.5 and its upper limit, yielding 

𝑄𝑎𝑛𝑜𝑑𝑒,𝑚𝑎𝑥𝑖𝑚𝑢𝑚 = 𝑁𝑒. (2.4.7) 

 From Equation 2.4.6, it is evident that the pulse amplitude of the Frisch grid signal 

not only has a dependence on the number of charge pairs produced, but additionally the 

polar angle of emission of the alpha particle. By comparison, the maximum amplitude of 

the anode signal is purely dependent on the number of charge pairs and is therefore 

reflective of the energy of the alpha particle. Herein lies the purpose of the Frisch grid, as 

without it the anode would take on the polar angle dependence of the Frisch grid and the 

ability to recover the alpha particle energy would be lost. 

2.5. Drift of Charged Particles in a Gas 

The assumption presented in Section 2.4 regarding the drift velocity of ions vs. that 

of electrons is generally valid for charge drift through a gas in the presence of an electric 

field. The drift velocities of the charges can be approximated by 

𝑣𝑖𝑜𝑛 ≈
𝜇𝐸

𝑝
, (2.5.1) 

𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 ≈ 1000𝑣𝑖𝑜𝑛, (2.5.2) 

where 𝜇 is the ion mobility of the gas, 𝐸 is the electric field in the region of drift in V/m, 

and 𝑝 is the gas pressure in atmospheres (atm). The range of ion mobilities for a gas is 

typically between 1 and 2 × 10-4 m2·atm/V·s [4, p. 133]. 
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 Given the resulting drift velocities of the charged particles and the typical size of 

an ionization chamber (on the order of centimeters to 10’s of centimeters), drift times on 

the order of microseconds for electrons and milliseconds for ions are expected. For this 

reason, the impact of ion drift on the induced signal for a single charge track is negligible 

and can be safely ignored when considering the waveforms that will be observed by an 

ionization chamber detector. 

2.6. Expected Magnitude of the Induced Charge 

To give a sense of the magnitude of the signals generated by an ionization chamber, 

the average energy per ionization (the W-value) can be used alongside the energy of the 

alpha particle to compute the total charge of the electrons in the track. Supposing a W-

value of 26.3 eV per charge pair (the W-value for argon gas) [4, p. 130], and an alpha 

particle energy of 5.8 MeV, the total charge in femtocoulombs is 

𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛,𝑡𝑜𝑡𝑎𝑙 = (1.6 × 10−19C)
5.8 × 106eV

26.3eV/pair
= 35.3fC/track.

(2.6.1) 

 Knowing this, it is apparent that a low-noise, high-gain amplifier that is capable of 

converting the induced charge into a voltage signal will be required to read out the induced 

charges in the detector. This type of amplifier is commonly known as a charge-to-voltage 

converter, or equivalently, as a high-gain transimpedance amplifier with a decay time on 

the order of 100’s of microseconds. The design and operation of the amplification circuitry 

used in the SCI-CASTER project is further detailed in Chapter 5. 
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Chapter 3. SCI-CASTER Prototype 1.9 Geometry and 

Operating Conditions 

The second prototype detector in the SCI-CASTER project, prototype 1.9, has been 

built to test fundamental detector and circuitry design while simultaneously verifying 

expected tracking capabilities. An explanation of the detector geometry, how this geometry 

relates to ionizing particle tracking, and considerations in selecting the detector operating 

conditions are discussed below. 

3.1. Segmented Detector Design 

The long-term goal of the SCI-CASTER project is to develop detectors capable of 

tracking ionizing particles in 3D space. In the short-term, the focus lies specifically on fully 

characterizing low-activity alpha particle sources. As seen in Chapter 2, particles 

originating from a thin alpha source (Figure 3.1.1) held in a conventional FGIC detector 

produce induced charge waveforms that contain both energy information in the form of 

signal amplitude and polar angle information derivable either from drift times or the shift 

in the Frisch grid baseline pre- and post-event. 

 

Figure 3.1.1: Alpha particles from a distributed source have an energy, two spherical 

angles of emission, and a positional offset relative to the chamber origin. 
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Figure 3.1.1 shows that information about the origin of the alpha particle track 

relative to the chamber origin as well as the azimuthal angle φ are missing from the 

waveforms produced by the typical FGIC design shown in Figure 2.4.2, which only 

contains information on the particle energy and polar angle. For the purposes of this work, 

the alpha particle source is assumed to be a point source, and under this assumption, what 

remains to be determined is only the azimuthal angle.  

A conventional FGIC detector is completely insensitive to charge track rotations as 

the sensitive electrodes are all symmetric about the vertical axis of the chamber. Therefore, 

to gain azimuthal angle sensitivity, it is necessary to either add electrodes to the detector, 

or more simply, to segment one or multiple of the existing detector electrodes into multiple 

sensitive elements. In doing this, each segment of the electrode will have its own Ramo 

weighting field, and therefore effectively experience an induced charge dependent on the 

proximity of moving charges to the individual segment. 

The goal of SCI-CASTER prototype 1.9 is to test the theory and simulation results 

behind the segmented design by splitting the detector anode into two conductive 

semicircles, thereby creating the simplest detector possible that has azimuthal angle 

sensitivity. Furthermore, the prototype serves as a test to evaluate the mechanical and 

electrical complexity of building such a detector before significant investments are made 

into a fully-featured model.  

3.1.1. SCI-CASTER Prototype 1.9 Physical Construction 

The SCI-CASTER prototype 1.9 geometry is built upon that of SCI-CASTER 

prototype 1.0 [28], which itself was reused from the prior TIFFIN project [29]. The primary 

reason for reuse of the detector geometry is the cost and complexity associated with making 

a new Frisch grid. This was unjustifiable given that the existing detector, with 

modifications to the anode, would serve as an acceptable test apparatus for both 

confirmation of the theory of operation as well as the electronic design and anode 

production methodology. The dimensions of SCI-CASTER prototype 1.9 are given in 

Figure 3.1.2. 
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(a) SolidWorks drawing of SCI-CASTER prototype 1.9 with relevant dimensions (mm). 

 

(b) SolidWorks 3D render of SCI-CASTER prototype 1.9. 

Figure 3.1.2: Drawing and 3D model of SCI-CASTER prototype 1.9 detector. 
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Prototype 1.9 has a usable detector radius of 45 mm as limited by the Frisch grid, 

which was originally produced at TRIUMF for the TIFFIN project. The grid is wound 

using 0.07 mm diameter wires at a pitch of 1.0 mm. The cathode electrode consists of a 

solid copper plate with a 25 mm diameter recess to allow for source disk mounting that lies 

flush with the cathode face. The electrodes are mounted to a solid brass baseplate using 

stacked nylon standoffs. An important note is that nylon tends to expand as it is exposed to 

moisture, so this is not an ideal material and will be replaced with a more suitable insulator 

in subsequent detector designs. 

The detector anode, which was originally a solid copper plate, has been replaced 

by a set of three disks (Figure 3.1.3): a PCB-based anode split into two conductive 

segments (see Appendix C for production method), a grounding PCB to connect the coaxial 

anode cable shields, and an acrylic plate to act as a wire guide for the anode cables. 
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(a) Segmented anode (1/16” PCB). 

 

(b) RG-174 coaxial shield grounding plate (1/16” PCB). 

 

(c) RG-174 coaxial cable wire guide (1/8” acrylic). 

Figure 3.1.3: SolidWorks drawings of the three disks that comprise the SCI-CASTER 

prototype 1.9 anode assembly (mm). 
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3.1.2. Frisch Grid Inefficiency  

An important consideration in detector design is a phenomenon known as grid 

inefficiency [30]. This quantity describes the extent to which the Frisch grid fails to 

decouple the electric fields of the ionization and collection regions. This in turn results in 

some fraction of the induced charge on the Frisch grid to be transferred to the anode, 

therefore yielding a potentially significant positional dependency on the anode charge 

readout. Grid inefficiency is dependent on the electrode-to-electrode gap of the anode and 

Frisch grid and the dimensions of the Frisch grid wires, where the inefficiency 𝜎 is defined 

as 

𝜎 =
𝑙

𝑙 + 𝐷𝐺−𝐴
, (3.1.1) 

𝑙 =
𝑑

2π
(

1

4
𝜌2 − ln 𝜌) , (3.1.2) 

𝜌 = 2π
𝑟

𝑑
, (3.1.3) 

where 𝑟 is the grid wire radius, 𝑑 is the grid wire pitch, and 𝐷𝐺−𝐴 is the distance between 

the Frisch grid and anode. From Equation 3.1.1, grid inefficiency can be reduced either by 

reducing the grid wire pitch (Figure 3.1.4) or by increasing the grid to anode electrode gap. 

Either one of these actions has the consequence of necessitating an increase in the detector 

operating voltage to avoid charge collection on the Frisch grid (Section 3.3.1) and electric 

field fringing effects (Section 3.3.2). Therefore, care must be taken to ensure that the 

detector geometry does not make proper HV biasing impossible by either reaching the 

limits of the HV supply in use or causing arcing in the detector. This is further discussed 

in Section 3.3.1. 
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Figure 3.1.4: SCI-CASTER prototype 1.9 grid inefficiency as a function of grid wire 

pitch. The grid to anode distance is 6.4 mm and the grid wire is 0.07 mm in diameter. 

The dimensions of the original TIFFIN detector and now SCI-CASTER prototype 

1.9 yield a grid inefficiency of 0.036, meaning that charge drift in the ionization region will 

likely be visible on the anode signal of the detector. This is not however nearly the 

detrimental effect it was when the phenomenon was originally published in 1949. At this 

point in time, measurement of the charge signal from the anode would have been an integral 

over the duration of an event done by an analog instrument, and therefore the position 

dependent rise of the anode signal would impact the energy resolution of the readout. By 

contrast, SCI-CASTER uses modern waveform digitizers which means that the start of 

charge drift in the collection region is readily identifiable by a significant change in signal 

slope. 

While this dramatically lessens the importance of grid inefficiency on detector 

resolution, it is still not negligible. Any charge drift occurring in the ionization region, be 

it from slow drifting ions or a new alpha particle track, will impact the anode signal in a 

way which may not be easily discerned using waveform digitization. 
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3.2. Gas Atmosphere Selection 

As discussed in Section 2.1, the basis upon which an ionization chamber operates 

is the ionization of a gaseous medium. The choice of this gas in turn determines how the 

detector operates and what types of conditions it is optimized for. The goals of the SCI-

CASTER project in the NSL require the detector to be optimized for low-rate, high-

precision operation. Therefore, argon gas, which has a large W-value, low Fano factor, and 

small drift velocity is the ideal choice. 

3.2.1. The W-Value 

The W-value of a gas, which has been mentioned several times thus far, is defined 

as the average energy required by an ionizing particle to produce a single charge pair in the 

gas. A low W-value is critical for high-precision measurements as it maximizes the number 

of charges produced for a given alpha particle energy, and therefore the signal-to-noise 

ratio of the detector improves. For alpha particles, argon gas has one of the lowest W-

values of commonly used gases at 26.3 eV per charge pair, however even under these 

circumstances, the induced charge remains on the order of femtocoulombs as shown in 

Section 2.6. 

3.2.2. The Fano Factor 

The Fano factor provides information on the statistical minimum in achievable 

detector resolution, meaning that depending on the choice of gas there will be an energy 

resolution limit irrespective of the design of the detector or electronics. The Fano factor 𝐹 

measured for pure argon gas for 5.3 MeV alpha particles is 0.20 (+0.01, -0.02) [31]. This 

in turn imposes a maximum energy resolution 𝑅𝐹𝑎𝑛𝑜 in pure argon of 

𝑅𝐹𝑎𝑛𝑜 = 2√2 ln 2 √
𝐹𝑊

𝐸
× 100%

= 2√2 ln 2 √
0.20 × 26.3𝑒𝑉/𝑝𝑎𝑖𝑟

5.3𝑀𝑒𝑉
× 100%

= 0.23%.

(3.2.1) 
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This limitation on resolution is rarely achievable due to other sources of amplitude 

fluctuations in the detector system, for example variations in gas purity or pressure and 

possibly electrical noise.  

3.2.3. Charge Drift Velocity and Gas Contamination 

The drift velocity of charges in a gas determines the duration of the charge drift 

throughout the detector. When using a waveform digitizing data acquisition system (DAQ), 

the number of samples taken of the induced charge signal for a given sampling frequency 

will increase with the signal length, which from a data acquisition standpoint is considered 

advantageous. However, the disadvantage of this is that the maximum source activity that 

the detector can support is reduced. This is because as the drift times increase, the 

probability of having more than one charge track in the detector volume also increases. The 

charges from multiple tracks will then drift simultaneously, inducing a signal that is 

representative of more than one alpha particle and resulting in an effect known as pileup. 

For the current goals of the SCI-CASTER project however, the trade-off in event rate for 

sampling quality is considered worthwhile as the tracking abilities of the detector are highly 

reliant on sampling the induced signals from charge drift. 

The drift velocity of charges in a pure gas at known pressure in a homogeneous 

electric field can be found by using Equation 2.5.1 and Equation 2.5.2, where the ion 

mobility for argon is 𝜇 = 1.92 × 10−4 m2·atm/V·s [32]. The drift velocity is commonly 

plotted as a function of a value known as the reduced field, which is the electric field 

divided by the gas pressure. Of important note is that for certain gas mixtures, the drift 

velocity will not monotonically increase as Equation 2.5.1 suggests and will instead have 

a peak near small values of the reduced field [33]. Effects like this and large increases in 

drift velocity can be used as a probe for potential gas contamination in the detector.  

While an unexpectedly short drift time is an undesirable but manageable effect of 

mild gas contamination, there are multiple effects that are not. To begin, the W-value of 

the gas will change and lead to fluctuations in the number of charge pairs created for a 

given alpha particle energy. Additionally, the stopping distance of an alpha particle is 
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dictated by the gas type and its pressure, thereby requiring a known gas to set the chamber 

pressure accordingly. Should the gas be an unknown mixture, the stopping distances may 

change and have an effect on positional resolution, or in an extreme case, allow alpha 

particles to escape the detector volume. 

Lastly, the most impactful effect of contamination will be that it is likely a time-

varying parameter if the contaminant is not present in the gas cylinder itself. This is to say 

that either the contaminant will be present and slowly purged from the chamber as the fill 

gas is circulated, or the contaminant will leech into the fill gas over time. Either one of 

these situations leads to a time-dependent drift time, energy, and track length for a given 

alpha particle energy, and therefore a worsening of both positional and energy resolution. 

3.2.4. Practical Considerations 

Among the benefits discussed above, there are two practical benefits to using argon 

gas that are not strictly related to optimal detector behavior. To begin, argon is non-toxic 

and non-combustible, meaning that for prototype testing it is considered a very safe option. 

By contrast, pure methane (used for its high drift velocity) or P-10 (a mixture of 90% argon, 

10% methane) are both combustible in air and pose a notable safety concern. Argon is also 

an affordable and highly available gas, meaning that the purity required to operate a 

detector that is highly sensitive to gas atmosphere contamination can be easily attained and 

replenished without significant financial and logistical investment. 

3.3. High Voltage Conditions 

The HV supplied to the detector is critical for optimal performance, and either 

unstable or incorrect bias voltages can lead to significant noise injection to the 

amplification system, charge loss, and damage to the detector electronics.  

3.3.1. The Minimum Electric Field Ratio 

Alongside grid inefficiency, Reference [30] introduced a minimum condition on 

the electric field ratio between the collection and ionization regions of the detector. In 
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principle, the fulfilment of this condition ensures that all electrons that travel towards the 

Frisch grid will pass the grid wires and enter the collection region. Should the condition be 

violated, some of the electrons will instead be collected by the Frisch grid, thereby resulting 

in signal amplitude variations for a given alpha particle energy. Intuitively, fulfilment of 

this condition can be thought of as ensuring that all electric field lines in the detector are 

directed from the cathode to the anode, with none terminating on the Frisch grid. The 

minimum condition is 

𝑉𝐴 − 𝑉𝐺

𝑉𝐺 − 𝑉𝐶
×

𝐷𝐶−𝐺

𝐷𝐺−𝐴
≥

1 + 𝜌 [1 +
𝑑

4π𝐷𝐺−𝐴
(𝜌2 − 4 ln 𝜌)]

1 + 𝜌 [1 +
𝑑

4π𝐷𝐶−𝐺
(𝜌2 − 4 ln 𝜌)]

, (3.3.1) 

where VA, VG, and VC are the anode, Frisch grid, and cathode potentials, DG-A is the distance 

between the Frisch grid and anode (collection region), DC-G is the distance between the 

cathode and Frisch grid (ionization region), and ρ is defined in Equation 3.1.3. A 

visualization of the effect of the field ratio on electric field lines passing through a Frisch 

grid is shown in Figure 3.3.1. 

  

(a) Field lines passing grid wires. (b) Field lines ending on grid wires. 

Figure 3.3.1: Garfield++ [34] simulation of field lines passing and terminating on the 

Frisch grid depending on voltage settings. 
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The dimensions for the prototype 1.9 detector given in Figure 3.1.3 yield a 

minimum field ratio of 1.6. While in principle this ratio is sufficient, it has been 

documented that exceeding of the minimum is required to achieve maximum anode pulse 

height, and therefore maximum energy resolution [17]. For this reason, the minimum 

condition was exceeded in all experiments conducted using prototype 1.9, which are 

discussed in Chapter 7.  

The minimum field ratio and associated bias voltage ratio as a function of grid wire 

pitch for SCI-CASTER prototype 1.9 is shown in Figure 3.3.2. Notice that there is a clear 

elbow in the plot below which biasing the detector without arcing or experiencing 

significant fringing effects in the ionization region due to a low electric field (Section 3.3.2) 

becomes very challenging. 

A consequence of charges being collected on the Frisch grid is that there is more 

charge approaching the grid than leaving it, meaning that the number of charges 𝑁 changes 

between time interval 1 (electrons drifting towards the grid) and time interval 2 (electrons 

drifting away from the grid) presented in Section 2.4. This effect is clearly observable when 

examining waveforms with polar angles of emission close to 90°, as these will yield 

positive differences in the Frisch grid baseline, where the difference is taken as the pre-

event charge reading subtracted from the post-event charge reading. This is demonstrated 

by summing Equations 2.4.2 and 2.4.4 for a differing number of electrons 𝑁1 and 𝑁2: 

𝑄𝑔𝑟𝑖𝑑(𝑇2−𝑇1) =
𝑁1𝑒

𝐷𝑐𝑔

(𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡) +
−𝑁2𝑒

𝐷𝑔𝑎

(𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑡)

=
𝑁1𝑒

𝐷𝑐𝑔
(𝐷𝑐𝑔 − 𝑥̅𝑐𝑜𝑠(90°)) +

−𝑁2𝑒

𝐷𝑔𝑎
(𝐷𝑔𝑎)

= 𝑒(𝑁1 − 𝑁2),

(3.3.2) 

where a greater number of charges in the ionization region will yield a positive Frisch grid 

baseline shift. The significance of charge collection on the Frisch grid can therefore be 

evaluated by viewing a histogram of the difference between the grid baseline values. An 

example of this plot is shown in Figure 3.3.3 and was obtained during prototype 1.0 testing. 
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(a) Minimum electric field ratio as a function of grid wire pitch. 

 

(b) Corresponding bias voltage ratio. 

 

(c) Corresponding shielding efficiency, the same plot is shown in Figure 3.1.4. 

Figure 3.3.2: Electric field and bias voltage ratios as a function of grid wire pitch for 

SCI-CASTER prototype 1.9. The grid to anode distance is 6.4 mm, grid wire is 0.07 mm 

in diameter, and the grid wire pitch used for prototype 1.9 is 1.0 mm. 
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(a) Violation of the electric field condition 

resulting in charge collection on the 

Frisch grid. 

(b) Exceeding the electric field condition 

yielded the expected behavior of the 

detector with no positive shifts. 

Figure 3.3.3: Frisch grid baseline shift data from SCI-CASTER prototype 1.0 

demonstrating the effects of incorrect bias voltage. 

3.3.2. Electric Field Fringe Effects 

A concern particularly with the large gap between electrodes in the ionization 

region is the effect of fringe fields at the outer edge of the detector. The principle of 

operation of a SCI-CASTER detector is predicated on the fact that the electric fields 

throughout the detector regions are homogeneous. Violating this will cause issues when 

conducting drift time studies and possibly create errors under constraints imposed and 

assumptions made in the waveform analysis algorithms written for the SCI-CASTER 

project (Chapter 6). A visualization of the fringing effect for the prototype 1.9 detector 

operating at an anode voltage of 1000 V and a Frisch grid voltage of 700 V is shown in 

Figure 3.3.4. 
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Figure 3.3.4: Fringe fields for SCI-CASTER prototype 1.9 present at the detector edges. 

Inset shows that the field lines become significantly warped beyond ~3.0 cm from the 

detector origin. 

FGIC detector designs commonly implement conductive strips known as field 

degrader rings. These encircle the ionization region of the detector and are held at 

intermediate bias voltages such that the electric field is made more uniform, and the fringe 

fields are minimized. Degrader rings are planned to be added to future SCI-CASTER 

prototypes, however as a stop-gap measure until this time, the calculated range of the alpha 

particle tracks have been kept within the uniform field computed by Garfield++ by 

increasing gas pressure. 
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Chapter 4. SCI-CASTER Test Chamber Setup 

To facilitate the testing of FGIC prototypes in the SFU NSL, a dedicated test 

apparatus has been built and permanently occupies a space in the laboratory. Gas system 

componentry has been reused from the TIFFIN project [29], however, all components have 

been densified where possible to save space. Computer control and logging systems have 

been added to ease and better document experiments. 

4.1. Physical Chamber 

The SCI-CASTER chamber is mounted on a laboratory bench in the SFU NSL 

(Figure 4.1.1) and is constructed from heavy gauge stainless steel. This allows it to 

withstand high operating pressures while being an effective EMI shield and offering some 

acoustic deadening. 

To conserve laboratory space the chamber has been rebuilt to take up less bench 

length. The chamber was also cleaned while taken apart and every seal was retightened to 

ensure atmospheric ingress would be kept to a minimum when evacuating the chamber. 

The chamber is mounted on a spring-loaded anti-vibration table with a layer of Sorbothane 

dampers between the chamber itself and the table. The main chamber area of 275 mm × 

275 mm × 175 mm (L × W × H) is used for the mounting of the detector and electronics. 

The main chamber is flanked by piping to facilitate electrical connections via a passthrough 

plate and gas connections for vacuum and argon flow. 
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(a) SCI-CASTER test chamber lab area. 

 

(b) SCI-CASTER test chamber. 

Figure 4.1.1: Images of the SCI-CASTER test chamber setup in the SFU NSL. 
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4.2. Gas Flow System 

The gas control system is used to supply argon gas to the detector as well as purge 

atmosphere from the chamber prior to pressurization. A block diagram of the gas system 

is shown in Figure 4.2.1. 

 

Figure 4.2.1: SCI-CASTER gas system. PT = pressure transducer, MFC = mass flow 

controller, DPC = downstream pressure controller, P = vacuum pump, G = vacuum 

gauge, ISO = electrical isolators, PV = powered valves, MV = manual valves, REG = 

manual-set pressure regulators. 

An MKS πPC99 downstream pressure controller [35] and an MKS Type M100B 

flow controller [36] are used to maintain gas pressure and a consistent flow. An MKS 

Baratron Type 722B [37] pressure transducer and CCR Model 400 [38] power supply and 

gas controller are used to provide pressure feedback and control over the gas system. 

Before pressurizing the chamber, it is necessary to first purge all atmospheric 

contaminants. This is done via a vacuum manifold that bypasses all gas control systems 

through an electrically controlled KF25 valve and opens the chamber to the inlet of a 

Varian TriScroll 600 vacuum pump. The pump is vented from the lab using a radiation-

specific exhaust stack to ensure that any possible radioactive contamination of the chamber 

gas does not enter the laboratory atmosphere. The gas system has demonstrated a maximum 

operating pressure of ~1750 Torr after rebuilding, which is attributed to the limitations of 

the chamber O-ring seals. 

4.3. High Voltage Supply 

The bias voltage necessary for FGICs to operate is supplied by an ISEG NHQ 204M 

dual-channel bias supply [39], which was selected for its low-ripple characteristics and 

computer-controlled operation. The supply itself is in a NIM format and is connected to 
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two SHV passthroughs on the chamber via coaxial cables. The two channels of the supply 

are used to independently control the anode and Frisch grid voltages, thus allowing for 

precise setting of the electric fields in the detector. 

4.4. Data Acquisition System 

The DAQ used for the SCI-CASTER project was originally designed for the 

TIGRESS detector array at TRIUMF [40]. In its current configuration, the DAQ can accept 

120 signal inputs which are digitized with 14-bit resolution at a sampling rate of 100 MHz. 

The maximum digitization window width of the DAQ is currently 40 µs. The DAQ 

operates as a hierarchical system as shown in Figure 4.4.1.  

 

Figure 4.4.1: TIGRESS DAQ structure. 
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The TIGRESS DAQ takes the amplified output signals from the detector as inputs 

to the TIG-10 digitizer cards. These house frontend amplifiers, analog-to-digital converters 

(ADCs), and programmable FPGAs that facilitate communication with the rest of the 

DAQ. TIG-C cards communicate with the TIG-10 digitizers via LVDS links, which carry 

both status and data information throughout the DAQ. The TIG-C secondaries then send 

digitized data to a VME-based computer over the VME bus. The TIG-C primary is solely 

used for parameter transfer and monitoring of the DAQ. 

The VME-based VMIC computer is a single-core computer with limited local 

storage in the form of a compact flash (CF) card. The local storage holds only the operating 

system and necessary program files to run the DAQ, and all data is instead directed to a 

network file share (NFS) hosted on the NUSC1 control computer. NUSC1 is a rackmount 

server-style Linux computer with bulk enterprise-grade hard disk storage and is responsible 

for the control and logging of all SCI-CASTER systems via the Maximum Integrated Data 

Acquisition System (MIDAS) software package [41]. 

While the current configuration of the DAQ offers up to 120 channels, an upper 

limit on the number of samples per second is imposed by the processing power of the VMIC 

computer. This limit has been experimentally determined to be 1.1 mega-samples per 

second (MSPs), that is, the total number of samples being taken by the DAQ irrespective 

of the number of channels or number of samples per channel must not exceed 1.1MSPs. 

Exceeding this value in experimentation has resulted in incomplete events (missing 

channels), outright DAQ crashes, and in the worst case, desynchronization of the DAQ 

event buffers (data associated with one event may be assigned to another when saving to 

disk). 

4.5. DAQ Triggering Logic 

The TIGRESS DAQ, as configured for SCI-CASTER, requires a single NIM logic 

level input trigger to fire all enabled DAQ channels. This is done because the signals from 

the SCI-CASTER detector segments vary significantly depending on the angle of emission 

of the alpha particle. Therefore, all detector channels, irrespective of their individual 
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detected signal amplitudes, should be digitized based on the Frisch grid signal alone since 

this is the only signal that will have a relatively consistent amplitude for each event. 

The trigger signal for the TIGRESS DAQ is derived from a duplicate Frisch grid 

signal generated on the amplifier board of the SCI-CASTER detector (see Section 5.2) 

using NIM logic modules. A block diagram of the signal derivation is given in Figure 4.5.1. 

 

Figure 4.5.1: Triggering logic for the TIGRESS DAQ implemented in NIM hardware. 

An Ortec 474 Timing Filter Amplifier (TFA) and Ortec 583B Constant Fraction 

Discriminator (CFD) are used with a gate and delay generator to create three copies of the 

raw logical trigger pulse from the detector. The 1st copy is sent to a LeCroy Model 4604 

scaler for monitoring of the raw event rate, while the other two are used in a blocking loop 

configuration to limit the event rate sent to the TIGRESS DAQ. The blocking loop allows 

a single trigger to pass, after which all subsequent triggers are blocked for a user-specified 

time which is set by an LRS Model 222 Gate Generator based on the maximum event rate. 

The passed trigger is sent both to the TIGRESS DAQ as an input as well as to channel 2 of 

the LeCroy 4604 scaler to monitor the passed trigger rate. The raw trigger rate, passed rate, 

and rate as monitored by the TIGRESS DAQ can later be used in data analysis or as 

diagnosis of a fault in the DAQ structure. 

 



40 

Chapter 5. SCI-CASTER Prototype 1.9 Electronic 

Design 

The charge signals from an FGIC, as computed in Section 2.6, are very weak and 

therefore highly susceptible to electrical and acoustical noise before being amplified. A 

low-noise highly robust amplification system and HV supply system are therefore required 

to successfully prepare these signals for digitization. This chapter outlines the design and 

layout of the circuitry which operates SCI-CASTER prototype 1.9. 

5.1. High Voltage Circuitry 

The purpose of the HV circuitry in an FGIC detector is to provide bias voltage for 

the detector electrodes as well as decouple the charge signal from the detector for the 

amplification system. The schematic of the HV circuitry used for SCI-CASTER prototype 

1.9 is shown in Figure 5.1.1 and is based on the application notes provided for the Cremat 

CR-110 charge-to-voltage converters [42] used in the amplifier circuitry. 

 

Figure 5.1.1: High voltage circuit schematic for SCI-CASTER prototype 1.9. 
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The input to the circuit is the HV provided by the ISEG NHQ-204M bias supply 

and a ground connection for the detector cathode, which is held at 0 V potential. The 

voltages are then filtered by a 1st order RC lowpass filter with a cutoff frequency of 0.63 

Hz and passed through a resistor known as a bias resistor. This resistor determines the 

voltage drop seen by the detector under current draw (drift of charge through the detector) 

and is selected such that the voltage drop is ~0.5 V as per the application notes. As FGIC 

detector charge signals are very weak, the largest recommended bias resistor value of 200 

MΩ has been used [42]. 

At this point the bias voltage line is connected to the detector electrodes, which in 

turn generate AC signals as charges drift through the detector volume. To allow the AC 

component of the signals to pass while blocking the HV DC component of the bias voltage, 

4 kV rated decoupling capacitors are used. 

5.2. Amplifier Circuitry 

The amplification system used for SCI-CASTER prototype 1.9 is a updated 2-stage 

design based on the original amplification system designed for prototype 1.0 [28]. The 

circuit schematic is given in Figure 5.2.1, note that only a portion of the stage 1 and 2 

amplifiers are shown to maintain figure clarity. 

The 1st stage amplification system takes the decoupled AC charge signals from the 

detector as an input. There are a total of four input channels to the amplifier circuit, one for 

each detector electrode: anode segment 1, anode segment 2, the Frisch grid, and the 

cathode. The 1st stage amplifiers are Cremat CR-110 charge-to-voltage converters, which 

have a gain of 1.4 V per picocoulomb and a decay time constant of 140 µs as dictated by 

the 100 MΩ resistor and 1.4 pF capacitor used in the CR-110 internal transimpedance 

amplifier stage feedback loop [42]. 

 



42 

 

(a) Stage 1 (partial) charge-to-voltage conversion. 

 

(b) Stage 2 (partial) voltage amplification stage. 

Figure 5.2.1: SCI-CASTER prototype 1.9 amplification system schematic. 

The outputs of the CR-110 amplifiers are connected to transient voltage suppression 

(TVS) diodes to prevent large input voltages from reaching the remainder of the amplifier 

circuitry and DAQ in the event of an HV decoupling failure. Should this occur, the TVS 

diodes will conduct a path to ground and trip the overcurrent protection of the HV bias 

supply, thereby shutting down the high voltage. The output signal from the CR-110 

amplifiers is DC-decoupled by a 1st order highpass filter with a cutoff frequency of 23.4 
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Hz and is terminated at a 5-pin solder connection point. This has been done due to the 

limitations of the two-layer board used, which requires the use of coaxial jumper wires to 

connect stage 1 to stage 2. 

The 2nd stage of the amplification system consists simply of Analog Devices 

AD8421 instrumentation amplifiers [43]. These were chosen based on their high bandwidth 

of 10 MHz at unity gain, low noise, and high common-mode rejection ratio (CMRR) and 

are used to drive the 50 Ω inputs of the TIGRESS DAQ directly over coaxial cables. The 

channels of the stage 2 amplification system are as follows: 

Channel 1: Anode segment 1 single-ended 

Channel 2: Anode segment 2 single-ended 

Channel 3: Frisch grid single- ended 

Channel 4: Cathode single-ended 

Channel 5: Anode segment 1 / Frisch grid differential-mode 

Channel 6: Anode segment 2 / Frisch grid differential-mode 

Channel 7: Frisch grid / cathode differential-mode 

Channel 8: Duplicate single-ended Frisch grid signal for NIM triggering system 

The gain of the amplifiers is set by a 680 Ω resistor, yielding a 2nd stage voltage 

gain of 13.6. This value was selected based on the maximum realistic input signal expected 

to be seen by the detector, which can be found from Equation 2.6.1 for an alpha particle 

energy of 5.8 MeV yielding 0.0353 pC, or 49.4 mV after stage 1 amplification. The 

TIGRESS DAQ can accept a symmetrical bipolar signal that is a maximum of 672 mV 

peak-to-peak as limited by the positive DC offset that can be applied to each DAQ channel. 

A gain of 13.6 results in a maximum input signal amplitude of 672 mV, which aligns with 

the TIGRESS DAQ input limits. 
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5.3. Voltage Regulation Circuit 

A linear regulation circuit designed to provide +/-10 V to future highly segmented 

SCI-CASTER detectors was used for prototype 1.9 as a test. The circuit schematic is given 

in Figure 5.3.1. 

 

Figure 5.3.1: Linear voltage regulation circuit for SCI-CASTER prototype 1.9 amplifier 

power. 

The required +/-12V input power is supplied by an HP 6236A power supply and is 

delivered to the circuit over coaxial BNC cables. The circuit has been designed according 

to the application notes provided by Analog Devices [44], [45] for a doubling of the 

maximum current by parallel connection of two regulators. Oversize tantalum output 

capacitors were added to the design to maintain voltage stability for simultaneous full-scale 

outputs on multiple channels. 

5.4. SPICE Simulations 

The circuitry presented thus far was simulated using LTSpice prior to assembly to 

ensure expected performance. The SPICE models used were either preexisting in LTSpice 

or taken from manufacturer websites in the case of the Cremat CR-110 and TVS diode. 

The detector was modeled as a current source with an estimated capacitance to ground of 

~3.0 pF based on modelling the detector as a simple parallel plate capacitor. The current 

source waveform was determined by considering the expected charge drift throughout the 
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detector. For 5.8 MeV alpha particle, it is known the charge generated in argon gas is 

approximately 0.0353 pC, and that the drift time throughout the detector will be on the 

order of microseconds, suppose this is a 2 µs signal duration. Knowing that charge is the 

integral of current and that the charge signal in the case of the anode is a positive-slope 

ramp function, the corresponding current signal will be a current pulse 2 µs in duration 

with an amplitude equal to the slope of the charge ramp (17.65 nA). 

Such a signal simulated in LTSpice is shown below (Figure 5.4.1) alongside the 

output voltages of the stage 1 and stage 2 amplifiers, which demonstrate correct 

functionality. 

 

Figure 5.4.1: LTSpice simulated 5.8 MeV alpha particle in argon gas, drifting for 2.0 µs. 

Additionally, a Bode magnitude and phase plot was created using LTSpice for an 

input voltage source to characterize the amplification channel response (Figure 5.4.2). 
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Figure 5.4.2: LTSpice bode magnitude and phase plot for a SCI-CASTER prototype 1.9 

amplification channel. 

5.5. Board Layout and Physical Characteristics 

The layout of the circuit board housing all circuits discussed thus far is shown in 

Figure 5.5.1. The top side of the board (through-hole component side) consists of an 

unbroken ground plane, and the bottom side uses ground planes between all traces where 

possible. The HV section of the board has ground planes removed to minimize the chance 

of arcing, and all coaxial cable used for the detector connections and stage 1 to stage 2 

jumper wires is RG-174. The circuit board is mounted in an acrylic caddy adjacent to the 

detector in the main chamber and utilizes a grounded stainless-steel shield to isolate it from 

the detector (Figure 5.5.2). 
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Figure 5.5.1: SCI-CASTER Prototype 1.9 circuit board top (left) and bottom (right). 

 

Figure 5.5.2: SCI-CASTER prototype 1.9 detector and circuitry mounted in main 

chamber. 
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Detector cable connections were made using soldered ring terminals for the Frisch 

grid and cathode. For the anode, a low-temperature solder backfill was used to connect the 

coaxial cables to the anode segments (this is further discussed in Appendix C). All HV 

connections were made using the ball soldering technique to limit HV discharges at solder 

joints. 

5.6. Power On Tests 

Initial testing of the circuitry revealed that when connected to the detector the 

circuitry would become unstable to the point of saturating all amplifiers on the board. This 

would further cause a large power draw and generate a considerable amount of heat in the 

voltage regulation stage. Despite different shielding and grounding techniques, it was 

determined that the only method of reducing the noise to an acceptable level was to remove 

the CR-110 amplifier connected to the detector cathode. It is suspected that due to the 

presumably large amount of noise on the ground plane of the board and the high gain of 

the CR-110 amplifiers, the effectively grounded input of the cathode CR-110 would result 

in an output signal large enough to interfere with all other amplifiers on the board and cause 

instability throughout. 

With the cathode amplifier removed, the noise fell below 30 mV peak-to-peak on 

the instrumentation amplifier output when using a 50 Ω termination. Oscilloscope 

waveforms of both the anode segment 1 signal and Frisch grid signal with the detector in 

an idling state (no radioactive source) are shown in Figure 5.6.1. 
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(a) Frisch grid signal, 1.0 s / division. (b) Frisch grid signal, 2.0 ms / division. 

  

(c) Frisch grid signal, 2.0 µs / division. (d) Frisch grid signal, 1.0 µs / division. 

Figure 5.6.1: Oscilloscope waveforms of the Frisch grid signal while detector is idling. 

An attempt to characterize the noise was made by using a 9 kHz – 3 GHz capable 

spectrum analyzer. The frequency spectra for two frequency spans are given in Figure 

5.6.2. The noise appears to be a low-frequency continuum with a prominent peak at 5 MHz, 

the spectra were unchanged regardless of whether the HV supply, NUSC1 computer, or 

TIGRESS DAQ were on or off. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 5.6.2: Spectra of noise on (a, b) the Frisch grid, (c, d) anode segment 1, (e, f) 

anode segment 1 / Frisch grid differential signal, and (g, h) with no connection to the 

detector. 
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Chapter 6. Data Analysis Methods 

Data produced by the TIGRESS DAQ is stored in .mid files, which are generated 

by the MIDAS data acquisition software and contain encoded information from the DAQ 

in the form of fragments. In the case of the TIGRESS DAQ and its TIG-10 digitizer cards, 

each fragment is associated with a TIG-10 input channel and contains 

- The ID of the DAQ input the fragment came from: TIG-10 port, TIG-10 

number, TIG-C number, and global DAQ channel number, 

- Readouts from the online filtering algorithm including the determined charge 

and CFD readout, which are not used for SCI-CASTER, 

- The timestamp that indicates when the fragment was digitized and the 

associated global trigger number, 

- The waveform length and corresponding digitized 14-bit samples. 

Since SCI-CASTER relies solely on the interpretation of the digitized waveforms, 

the waveform data encoded in the .mid files needs to be extracted and converted into signal 

amplitude and timing parameters such that useful interpretations of the data can be made. 

This is done using a 2-step process in C++ code consisting of first extracting complete and 

valid events from the .mid files, and subsequently sending these events to a waveform 

analysis program for parameter extraction. 

6.1. Valid Event Extraction 

The encoded .mid output files generated by MIDAS need to be decoded such that 

complete events can be assembled from multiple individual fragments. This is done by 

grouping events with matching trigger numbers together such that the waveforms for all 

SCI-CASTER amplifier channels are accessible and associated with a single alpha particle 

track. 

To begin, the active DAQ channels are specified along with the electrode type of 

the channel (ex. anode, Frisch grid, cathode, etc.) in an input text file read at the start of 

the program. This can be thought of as mapping the known detector signal output to the 
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physical input channel of the TIGRESS DAQ. To be considered a complete event, a given 

trigger number must have associated fragments from each active channel. This condition 

is checked by iterating through the .mid data file fragment by fragment, where depending 

on the fragment trigger number, either a new entry is made or the fragment is added to an 

existing entry in a buffer of fragment vectors indexed by DAQ global trigger number. This 

buffer is required since it is not guaranteed by the TIGRESS DAQ that fragments with 

matching triggers will be contiguous in the .mid file data stream.  

Each time the buffer is checked for a matching trigger number for the current 

fragment, a counter is incremented for each currently buffered trigger such that should an 

event be incomplete for a certain number of buffer checks (for example, 1000 checks), the 

event is considered incomplete and deleted from the buffer as it is likely a fragment was 

dropped due to an error in the digitization process. 

Should an event be found complete, that is, all expected fragments based on the 

known active channels are present in the buffer, the event is checked to ensure that all 

fragments are of the correct waveform length as determined by the set length in the MIDAS 

interface. Should any fragments have a waveform of 0 length or should the length deviate 

from the expected value, the entire event is dropped. However, if the waveforms are of the 

correct length, the event is passed to the waveform analyzer. 

6.2. Waveform Analysis 

The waveform analyzer program is responsible for fitting the waveforms generated 

by the SCI-CASTER detector. The algorithm is reliant upon the fact that all waveforms 

expected from the detector are present, hence the required preprocessing done in Section 

6.1. The waveform analyzer program has been written by Professor Krzysztof Starosta and 

implements a piecewise function consisting of 4 1st order polynomials and 3 3rd order 

polynomials determined by polynomial regression. The type of fit and its utilization in the 

waveform analysis algorithm is determined by the fit type specified in the input text file 

discussed in Section 6.1. A flowchart for the waveform analysis algorithm is shown in 

Figure 6.2.1. 
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Figure 6.2.1: Flowchart detailing the function of the waveform analysis algorithm used 

for SCI-CASTER prototype 1.9. 
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6.3. Data Analysis Output Files 

Complete events that have successfully been processed by the waveform analyzer 

are written to disk in the form of a .csv file containing the event trigger number, DAQ 

channel number for each fit, χ2 goodness-of-fit measure for each piecewise region, and 

times and fit coefficients for each piecewise region which are used to reconstruct the 

waveform. Shown below (Figure 6.3.1) is an example of the fits determined by the 

waveform analyzer overlaid on the raw data they were derived from. 

 

Figure 6.3.1: Example waveforms and their associated fits overlaid on top for a single 

event. The baseline values of each channel has been recentered at 4000 DAQ channels 

for consistency. 

In addition to the output file, a report of the number of events dropped during 

decoding and analysis and the reason for their deletion is included. This is done to ensure 

that no appreciable number of events is being lost to a specific failure, for example, a large 

fraction of events missing active channels may point to a failure of the DAQ itself. The 

report printed by the analysis program is as follows: 

- Total number of fragments seen, 

- Fragments dropped due to the fragment being from an inactive channel, 
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- Total number of events seen, 

- Events eliminated due to a missing channel (fragment lost), 

- Events eliminated due to a fragment waveform length of 0, 

- Events eliminated due to a fragment waveform length discrepancy, 

- Events eliminated due to a failure of the waveform analyzer, 

- Total number of events successfully fit and written to disk, 

where the total number of events seen should be equal to the sum of dropped events 

and successfully processed events. Report print-outs for the three experiments discussed in 

Chapter 7 are given in Table 6.3.1. 

Table 6.3.1: Results from waveform analysis for the three experiments conducted with 

SCI-CASTER prototype 1.9. 

Value Experiment 1 Experiment 2 Experiment 3 

Fragments seen 203432 202680 203968 

Fragments 

dropped / inactive 

channel 

0 0 0 

Events seen 25429 25335 25496 

Events eliminated 

/ missing channel 

0 0 0 

Events eliminated 

/ waveform length 

0 

0 0 0 

Events eliminated 

/ waveform length 

discrepancy 

0 0 0 

Events eliminated 

/ analyzer failure 

1460 1631 1038 

Events fit and 

written to disk 

23969 23704 24458 
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Chapter 7. Experimental Procedures and Results 

Three successful experiments have been conducted using SCI-CASTER prototype 

1.9 in the SCI-CASTER test chamber setup. The goals of these tests were to validate the 

detector’s sensitivity to the azimuthal angle of emission of alpha particles, ensure its 

sensitivity to alpha particle energy, and confirm that the drift time of the electrons in the 

detector was in line with expected values. This last point is of particular importance since 

future experiments may take place over days or weeks and stability of electron drift 

velocity is a direct indicator of gas pressure and purity. 

7.1. Experiment Parameters 

The radioactive source used for the experiments is an Eckert & Ziegler model 

QCRB2508 electroplated triple-alpha source [46]. The source has a 5 mm diameter active 

area which is deposited on a 25 mm diameter metal disk. The source is comprised of 239Pu, 

241Am, and 244Cm at 1 kBq activity per isotope, with quoted linewidth below 20 keV. The 

activity of this source is far higher than this SCI-CASTER detector was intended to be used 

with, and as such frequent occurrences of pileup are expected due to the relatively low drift 

velocity of electrons in pure argon. 

The gas used in the experiments is Praxair Ultra High Purity 5.0 99.999% argon 

supplied in a T-type gas cylinder. The gas pressure has been selected based on the range of 

alpha particles in argon gas and consequently the depth of penetration of the alphas into 

the ionization region of the detector. The primary concern is that the alpha particles, when 

emitted at grazing angles, will reach the outer edge of the detector and into areas which 

have significant electric field nonuniformities, in turn warping the detector signals. 

The lowest voltage for the experiments was chosen to be 700 V and 1000 V for the 

Frisch grid and anode, respectively, which yields an electric field ratio of 3.0 and therefore 

far exceeds the minimum value of 1.6. For these bias voltages, the Garfield++ simulation 

of the detector in Figure 3.3.4 indicates that ranges beyond 3.0 cm would experience 

significant nonuniformities in the electric field. To ensure that the alpha range stays below 
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this, NIST ASTAR [47] was used to find the projected range of alpha particles in argon 

gas. From the projected range 𝑟, the alpha particle range 𝑎 can be computed from 

𝑎 =
𝑟

𝜌
, (7.1.1) 

𝜌 =
𝑚𝑃

𝑅𝑇
, (7.1.2) 

where 𝜌 is the gas density, 𝑚 is molar mass, 𝑃 is pressure, 𝑅 is the ideal gas constant, and 

𝑇 is temperature. A plot of the ranges for a 5.8 MeV alpha particle in a variety of gases is 

given in Figure 7.1.1, and from this an argon pressure of 1400 Torr as a minimum was 

selected and used for experiment 1. 

 

Figure 7.1.1: Alpha particle stopping ranges in a variety of gases. 

Experiment 2 used the same argon pressure of 1400 Torr, however the bias voltages 

were increased to 1000 V for the Frisch grid and 1300 V for the anode, resulting a lower 

electric field ratio of 2.16. This was done to examine any effect a stronger ionization region 

electric field may have on detector performance as well as examine the effects of running 

the detector closer to the minimum field ratio. 
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Experiment 3 returned the bias voltages to those of experiment 1, however the gas 

pressure was increased to 1700 Torr. The expected effect of doing this is the shortening of 

alpha particle track lengths by ~4.6 mm, which should in turn result in a smaller 

discrepancy in induced signals from tracks with different angles of emission. As an extreme 

example, one can imagine increasing the pressure to a point where the track length is 

reduced to 1.0 mm, meaning that there would be a near imperceptible difference in induced 

signals between tracks that are emitted at grazing angles and those emitted at steep angles 

down the chamber axis of symmetry, since the drift times and location relative to the anode 

segments would be nearly identical. A summary of the experiment parameters is given 

below in Table 7.1.1. 

Table 7.1.1: Summary of experiment parameters used for testing SCI-CASTER 1.9. 

Parameter Experiment 1 Experiment 2 Experiment 3 

Source 
239Pu, 241Am, 244Cm 

(1 kBq activity) 

239Pu, 241Am, 244Cm 

(1 kBq activity) 

239Pu, 241Am, 244Cm 

(1 kBq activity) 

Gas / pressure Argon / 1400 Torr Argon / 1400 Torr Argon / 1700 Torr 

Frisch grid voltage 700 V 1000 V 700 V 

Anode voltage 1000 V 1300 V 1000 V 

 

Prior to the experiments, the SCI-CASTER test chamber was allowed to saturate in 

1700 Torr argon for 3 days. The goal of doing this is to have argon fill any small gaps in 

the chamber, most notably the coaxial cable braids, thus reducing the atmospheric content 

of the chamber. The chamber was subsequently pumped down to vacuum and re-

pressurized prior to the experiments taking place. 
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7.2. Interpretation of Experiment Data 

All 3 experiments successfully produced waveform data at approximately 25,000 

events per experiment. These waveforms were then fit using the waveform analyzer 

program described in Chapter 6. The parameters generated by the analyzer have been used 

to measure various features of the data, for example, the time of drift in the ionization and 

collection regions, or the amplitudes of the anode segment signals. Two examples of 

waveform data from two events with relevant features are shown in Figure 7.2.1. Both the 

amplitudes and timings are measured by extrapolating the linear fits from each drift region 

and locating their intersection point. This is done because depending on the polar angle of 

emission, waveform boundaries will have varying degrees of curvature that will impact the 

amplitudes and timings of the cubic fits. By contrast, extrapolations of the linear fits should 

not be affected by this. 
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(a) Alpha track with steep polar angle directed over anode segment 1. Vertical dashed 

lines indicate the piecewise boundaries of the waveform fit. 

 

(b) Alpha track with grazing polar angle directed over anode segment 2. Relevant 

features extracted from fit parameters are shown. 

Figure 7.2.1: Example waveforms from SCI-CASTER prototype 1.9 with overlaid fits and 

features of interest. 
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7.3. Results 

Based upon the features shown in Figure 7.2.1(b), scatter plots of the relationships 

between induced charge and various other features have been created. These data are 

overlaid for all 3 experiments and reveal information about the fundamental behavior of 

the detector. The total induced charge on the anode is computed as the sum of the charge 

measured on anode segments 1 and 2 (the summed segment amplitude), where the anode 

segment 2 charge has been offset by +50 DAQ channels prior to the summation to account 

for a mismatch in the amplifier gains. 

7.3.1. Charge as a Function of Frisch Grid Baseline Shift 

Plotting the charge as a function of the shift in the Frisch grid baseline pre- and 

post-drift (Figure 7.3.1) reveals that at a minimum, 3 prominent alpha particle energies 

associated with the triple-alpha source are present, where these are mostly the 5156.59(14) 

keV peak from 239Pu, the 5485.56(12) keV peak from 241Am, and the 5804.77(5) keV peak 

from 244Cm. Finer features such as the 5144.3(8) keV and 5105.5(8) keV peaks from 239Pu, 

5442.80(13) keV peak from 241Am, and 5762.64(3) keV peak from 244Cm appear to be lost 

in the main peaks, where this is explored further in Section 7.3.4. There also appears to be 

a non-linear relationship between the measured charge and the polar angle of emission as 

represented by the Frisch grid baseline shift. This is discussed further in Section 7.3.2. 
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Figure 7.3.1: Summed anode segment charge as a function of the Frisch grid baseline 

shift. 

A large polar angle of emission energy smear is also seen in Figure 7.3.1, where 

these events are associated with alpha particles that were emitted at grazing angles to the 

cathode. The energy smear is a result of the alpha particles losing their energy not only to 

a greater length of source material, but also due to interactions with the metal source disk 

and cathode plate. These interactions cause the alpha particles to lose only a fraction of 

their energy to the argon gas, thus resulting in a continuum of low-energy readings. The 

lack of positive Frisch grid baseline shifts demonstrates that for all 3 experiments, the field 

ratio was large enough that no appreciable amount of charge was lost to the Frisch grid. 

Additionally, the data from experiment 3 demonstrates the reduction in sensitivity to the 

polar angle of emission as a result of the increased pressure shortening the track lengths. 

This is indicated by the contracted distribution of data points along the horizontal axis.  
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7.3.2. Charge as a Function of Drift Times 

The charge as a function of the collection region, ionization region, and total drift 

times is shown in Figure 7.32, Figure 7.3.3, and Figure 7.3.4, respectively. 

 

 

 

Figure 7.3.2: Summed anode segment charge as a function of collection region drift time. 
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Figure 7.3.3: Summed anode segment charge as a function of ionization region drift time. 

 

Figure 7.3.4: Summed anode segment charge as a function of total drift time. 
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Figure 7.3.2 indicates that there is a linear relationship between the collection 

region drift time and the measured charge, where this relationship does not appreciably 

change with bias voltage or gas pressure changes between experiments. It further appears 

that this relationship does not extend to the total time of drift, which indicates that as Figure 

7.3.1 suggests, the relationship is dependent on the polar angle of emission and not the 

duration of time the charges spend in the detector volume.  

Overall, the drift times measured in the 3 experiments are notably shorter than those 

expected based on published values for drift velocity as a function of the reduced field 

(V/cm/Torr), which suggest drift times that should be approximately twice as long as those 

seen here [33], [48]. Additionally, despite the increase in electric field in experiment 2 

(which under pure argon should result in a shorter drift time), the time instead increased. 

Both of these phenomena point to a contamination of the argon gas atmosphere in 

which the detector operates. It has been observed that that certain gas mixtures based on 

argon can have a peak in their drift velocities very near to the reduced field of this detector 

[33], [49], [50]. This would result in the drift velocity decreasing as the reduced field 

increases, thus explaining the observed behavior. This theory is further bolstered by 

plotting the charge as a function of the total drift time and Frisch grid baseline shift and 

color-coding chronological groups of 5000 events, thus creating a discretized time profile 

(Figure 7.3.5). 

Figure 7.3.5 demonstrates that all 3 experiments experience a decrease in drift time, 

or increase in drift velocity, over time. This indicates that the gas contamination worsened 

as time progressed. The most likely cause of this is outgassing from the electronics and 

wiring present in the chamber, where these components have been noted to outgas small 

quantities of hydrogen, carbon dioxide, and methane [51], all of which can increase the 

drift velocity of electrons in argon gas. It is suspected that the initial pumping down of the 

chamber to vacuum purged the chamber of the contaminants being outgassed from the 

electronics. As the chamber was subsequently pressurized, the rate of outgassing of the 

components within the chamber was larger than the rate of gas exchange, thus leading to a 

time-dependent change in gas composition. 
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(a) Experiment 1 charge vs. total time (b) Experiment 1 charge vs. grid shift 

  

(c) Experiment 2 charge vs. total time (d) Experiment 2 charge vs. grid shift 

  

(e) Experiment 3 charge vs. total time (f) Experiment 3 charge vs. grid shift 

Figure 7.3.5: Charge as a function of total drift time and Frisch grid baseline shift. Plot 

colors correspond to groups of 5000 events, which are ordered chronologically as 

follows: black (experiment start), red, green, blue, magenta (experiment end). 
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Figure 7.3.5 also shows that the dependence of charge on the polar angle of 

emission does not change with time, indicating that either the contaminant gas has a 

relatively consistent impact on the charge as the polar angle varies, or an additional factor 

is causing this behavior. 

The triple-alpha source being used with this detector, which has been noted to be 

stronger than the detector was designed to handle, may itself be the cause. Recalling that 

ions in a gas move ~1000 times slower than electrons, it is likely that at a nominal source 

activity of 3 kBq, or 1500 emissions per second considering the source geometry, there 

will be a buildup of ions in the ionization region of the detector. If an average angle of 

emission of 45° is considered, the time required for an ion track to reach the cathode based 

on electron drift times measured in the ionization region is ~5 ms. This means the detector 

will clear approximately 200 ion tracks per second, which is only a fraction of those being 

emitted per second. This buildup of ions has the potential to have two effects on detector 

operation: 

1. It will cause a large cloud of ions to be persistently drifting towards the cathode 

at all times. While a single ion track may not have an appreciable effect on the 

readout of electron drift, several thousand ion tracks may have an effect. 

2. There is a greater chance of charge recombination between electrons and the 

ions in the cloud. This would result in losing a varying percentage of electrons 

in each track, thus degrading energy resolution.  

7.3.3. Anode Segment Charge Relationship 

The most important result from the SCI-CASTER prototype 1.9 detector is the 

relationship between the charge read out from each anode segment, as this determines 

whether or not the detector is sensitive to the azimuthal angle of a track. The segment 2 vs. 

segment 1 charge relationship is shown in Figure 7.3.6, and clearly demonstrates the 

expected linear relationship between the charge induced on each segment. As in the 

summed amplitudes presented thus far, the three prominent alpha particle energies are 

visible in the plot. Splitting the data into 2 groups based on the dominant anode amplitude 
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revealed a near equal number of events in each group, therefore suggesting that the source 

material is centered in the detector. 

 

Figure 7.3.6: Anode segment 2 vs. segment 1 charge. 

7.3.4. Energy Spectra 

The final plot to be derived from the experiment data is the energy spectrum. To do 

this, the energy smear seen in Figures 7.3.1 – 7.3.4 is gated out of the data based on a 

collection time threshold. Further, the data is gated on the amplitudes and timings of the 

events to remove a fraction of erroneous values that result from unreported waveform 

fitting failures. Finally, a gate is set above the centroid of the χ2 per degree of freedom for 

each experiment such that waveforms of poor fit quality are removed, leaving behind a 

clean summed segment charge scatter plot (Figure 7.3.7). 
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Figure 7.3.7: Summed segment charge as a function of collection time after event gating. 

The uncorrected data is shown in black, the corrected data is shown in red. 

The final step is to de-correlate the charge from the polar angle by applying a 1st 

order correction to the charge based on the collection time. The coefficients for this 

correction are set manually for each experiment and produce a corrected scatter plot that is 

shown in red in Figure 7.3.7. Spectra of the corrected and gated charge readouts for each 

experiment are shown in Figure 7.3.8. 
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Figure 7.3.8: Gated and corrected charge spectra for each experiment. The shifts in 

amplitude are a result of the 1st order corrections applied to the data. 

The above spectra are consistent with what has been observed in Section 7.3.1 in 

that the 3 peaks are dominated by the 3 prominent alpha particle energies. Finer features 

are lost and thus indicate a limitation of the detector resolution. 
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Chapter 8. Conclusion and Future Developments 

Significant progress has been made on the SCI-CASTER project in the SFU NSL, 

both in the form of a dedicated test setup for FGIC detectors and in the development of 

SCI-CASTER prototype 1.9. 

The test setup located in the SFU NSL has proven to be able to handle up to 1750 

Torr gas pressures after the main chamber was rebuilt and cleaned. The computer 

controlled gas and HV systems have demonstrated consistent behavior in the conducted 

experiments, and the addition of anti-vibration mounts to the chamber has improved its 

resilience to mechanical vibrations in the laboratory space. The TIGRESS DAQ used for 

the SCI-CASTER project has shown remarkable stability and has been able to reliably 

digitize waveforms at up to 1.1 mega-samples per second across 120 channels based on a 

single trigger signal input. The NIM logic trigger derivation and blocking loop has 

successfully limited the event rate of the DAQ such that previously observed instability 

has become a nonissue. 

The physical design of SCI-CASTER prototype 1.9 has proven that conductor gaps 

between 0.25 mm and 0.5 mm are achievable for anode segmentation and that it is possible 

to utilize blind vias in the anode PCB to limit surface nonuniformities. Both of these factors 

contribute to maintaining a homogeneous electric field and charge collection surface. The 

electronic design, while functional enough to validate this prototype detector, is not 

sufficient for designs going forward. The instability of the amplifier circuitry necessitated 

the removal of the cathode amplifier channel, and various unexpected grounding 

techniques needed to be employed to reduce the noise to a usable level. Future work in this 

area will consist of a full redesign of the amplifier circuitry and the implementation of an 

in-house charge-to-voltage conversion stage. Additionally, the voltage regulation circuit 

will require an improved method of passive heat dissipation, as only the 8 channels used 

on this detector caused the regulators to warm up significantly. 
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The waveform analyzer program performed as expected and was able to yield high-

quality piecewise fits of the waveform data produced by the detector. Future optimizations 

will include speed improvements to the algorithm where possible as well as parallelization 

to further increase waveform analysis throughput. 

The observed relationship between measured charge and polar angle, the time-

variation in total drift time, and the limitation of energy resolution are all areas that need 

to be characterized before additional SCI-CASTER detectors are built. This process will 

consist of moving all electronics to the exterior of the main chamber, thus significantly 

reducing the number of outgassing components in the detector atmosphere. Additionally, 

the triple-alpha source used in this work will be exchanged with a low-activity alpha source 

to better suit the detector’s operating point.  

The most important conclusion that can be drawn from this work is that SCI-

CASTER prototype 1.9 effectively demonstrates that sensitivity to the azimuthal angle of 

emission of an ionizing particle can be achieved in an FGIC by segmenting the detector 

anode and using waveform analysis. Immediate future work will consist of using the data 

obtained thus far to determine the particle angles of emission and reconstruct the track of 

each particle in 3D space.  
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Appendix A. Maximum Energy Transfer 

Beginning with the conservation of energy and momentum, two equations for the 

elastic collision between an alpha particle and an electron can be written: 

1

2
𝑚𝛼𝑣𝛼1

2 +
1

2
𝑚𝑒𝑣𝑒1

2 =
1

2
𝑚𝛼𝑣𝛼2

2 +
1

2
𝑚𝑒𝑣𝑒2

2 , (𝐴. 1) 

𝑚𝛼𝑣𝛼1 + 𝑚𝑒𝑣𝑒1 = 𝑚𝛼𝑣𝛼2 + 𝑚𝑒𝑣𝑒2, (𝐴. 2) 

where 𝑚𝛼 and 𝑚𝑒 are the masses of an alpha particle (4 amu) and an electron (0.000548 

amu), and 𝑣𝑥1 and 𝑣𝑥2 are the particle velocities pre- and post-collision. 

Under the assumption that the alpha particle is moving much faster than the 

electron, the collision is head-on, and that the energy transferred in the collision is much 

larger than the binding energy of the electron [52], Equation A.1 and A.2 are simplified to 

1

2
𝑚𝛼𝑣𝛼1

2 =
1

2
𝑚𝛼𝑣𝛼2

2 +
1

2
𝑚𝑒𝑣𝑒2

2 , (𝐴. 3) 

𝑚𝛼𝑣𝛼1 = 𝑚𝛼𝑣𝛼2 + 𝑚𝑒𝑣𝑒2. (𝐴. 4) 

Solving for 𝑣𝛼2 in Equation A.4 yields 

𝑣𝛼2 =
𝑚𝛼𝑣𝛼1 − 𝑚𝑒𝑣𝑒2

𝑚𝛼
, (𝐴. 5) 

which can then be substituted into Equation A.3, where solving for 𝑣𝑒2 yields 

𝑣𝑒2 = 2
𝑚𝛼

𝑚𝛼 + 𝑚𝑒
𝑣𝛼1. (𝐴. 6) 

As a final step, the kinetic energy transferred to the electron from the collision is 

found by squaring Equation A.6 and multiplying both sides by 
1

2
𝑚𝑒: 

1

2
𝑚𝑒𝑣𝑒2

2 = [
4𝑚𝛼𝑚𝑒

(𝑚𝛼 + 𝑚𝑒)2
] [

1

2
𝑚𝛼𝑣𝛼1

2 ] , (𝐴. 7) 
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where the maximum fraction of kinetic energy transferred from the alpha particle (𝐸𝛼1) to 

the electron (𝐸𝑒2) is 

𝐸𝑒2

𝐸𝛼1
=

4𝑚𝛼𝑚𝑒

(𝑚𝛼 + 𝑚𝑒)2
= 5.48223 × 10−4. (𝐴. 8) 
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Appendix B. Derivation of the Shockley-Ramo Theorem 

The following derivation is based on the work done in [26] and [27]. To begin, 

consider the work 𝑤 done by an electric field 𝐸⃗⃗ in moving the point charge 𝑞 from an 

arbitrary point 𝑎 to an arbitrary point 𝑏 along a path 𝑠, where the work done per unit charge 

is the EMF ε and is formally defined as the line integral 

ε = ∫ 𝐸⃗⃗ ⋅
𝑏

𝑎

𝑑𝑠, (𝐵. 1) 

and therefore the work 𝑤 is 

𝑤 = 𝑞 ∫ 𝐸⃗⃗ ⋅
𝑏

𝑎

𝑑𝑠. (𝐵. 2) 

Now, consider the energy density 𝑗 of the electric field of a volume, which is 

defined as  

𝑗 =
1

2
ε𝐸⃗⃗2

=
1

2
𝐸⃗⃗ ⋅ 𝐷⃗⃗⃗,

(𝐵. 3) 

where 𝐷⃗⃗⃗ is the electric displacement field. From Equation B.3, it can be said that over a 

volume 𝑅 (where 𝑅 is used instead of 𝑉, since 𝑉 will represent the electric potential of 

conductors in the volume 𝑅) the total energy of the electric field is 

𝑈𝑡𝑜𝑡 =
1

2
ε ∫ |𝐸⃗⃗|

2
𝑑𝑅.

𝑅

(𝐵. 4) 

To find the change in total energy of the electric field due to the movement of point 

charge 𝑞 from 𝑎 to 𝑏, a general statement can be written: 

𝑑𝑈 =
1

2
ε ∫ (|𝐸⃗⃗𝑏|

2
− |𝐸⃗⃗𝑎|

2
)

𝑅

𝑑𝑅, (𝐵. 5) 
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and since work is defined as a change in energy, Equations B.2 and B.5 yield 

𝑞 ∫ 𝐸⃗⃗ ⋅
𝑏

𝑎

𝑑𝑠 =
−1

2
ε ∫ (|𝐸⃗⃗𝑏|

2
− |𝐸⃗⃗𝑎|

2
)

𝑅

𝑑𝑅. (𝐵. 6) 

Now, suppose that in the volume 𝑅 there is an arbitrary set of conductors under two 

separate conditions: 

Condition 1: All conductors are grounded, but a static space charge 𝜌(𝑟) and a moving 

particle with a charge 𝑞 are present. 

Condition 2: All conductors are held at their respective potentials, but there are no charges 

whatsoever in the volume. 

Given the above conditions, two assumptions must now be made: 

Assumption 1: The electric field 𝐸⃗⃗ is in actuality the linear superposition of the electric 

fields in conditions 1 and 2: 

𝐸⃗⃗ = 𝐸⃗⃗1 + 𝐸⃗⃗2. (𝐵. 7) 

Assumption 2: The electric fields for each conductor 𝑖 are enforced by HV power supplies 

(PSUs) which themselves supply energy to the field: 

𝑤𝑃𝑆𝑈 = ∑ 𝑉𝑖Δ𝑄𝑖,

𝑘

𝑖=1

(𝐵. 8) 

where 𝑉𝑖 is the potential of conductor 𝑖 and Δ𝑄𝑖 is the induced charge on conductor 𝑖. Under 

these assumptions, Equation B.6 becomes 

∑ 𝑉𝑖Δ𝑄𝑖

𝑘

𝑖=1

− 𝑞 ∫ (𝐸⃗⃗1 + 𝐸⃗⃗2) ⋅
𝑏

𝑎

𝑑𝑠 =
1

2
ε ∫ (|𝐸⃗⃗1,𝑏 + 𝐸⃗⃗2|

2
− |𝐸⃗⃗1,𝑎 + 𝐸⃗⃗2|

2
)

𝑅

𝑑𝑅, (𝐵. 9) 
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which states that the work done on the moving point charge 𝑞 by the HV power supplies 

minus the energy absorbed by 𝑞 itself is equal to the total energy deposited into the electric 

field. 

It is now necessary to apply Green’s 1st identity, which states that for arbitrary 

scalar functions 𝑓 and 𝑔 and for the volume 𝑅 and surface 𝑇: 

∫ (𝑓Δ𝑔 + ∇𝑓 ⋅ ∇𝑔)𝑑𝑅
𝑅

= ∮𝑓∇𝑔 ⋅ 𝑑𝑇⃗⃗,
𝑇

(𝐵. 10) 

where ∇ is the gradient operator and Δ is the Laplace operator. Green’s 1st identity can be 

rewritten in terms of the scalar electric potentials 𝜑1 and 𝜑2 in conditions 1 and 2 as 

follows: 

∫ (φ1Δφ2 + ∇φ1 ⋅ ∇φ2)𝑑𝑅
𝑅

= ∮φ1∇φ2 ⋅ 𝑑𝑇⃗⃗.
𝑇

(𝐵. 11) 

If 𝜑 is an electrostatic potential associated with a charge distribution 𝜌(𝑟) then 

𝜌(𝑟) = −ε0Δ𝜑, (𝐵. 12) 

and since condition 1 has all conductors at ground potential, 

𝜑1 = 0, (𝐵. 13) 

and condition 2 by definition has no charge distribution, 

ε0Δ𝜑2 = 0. (𝐵. 14) 

Furthermore, under the assumption that the electric fields are static, 

𝐸⃗⃗ = −∇𝜑, (𝐵. 15) 

which means 

∫ (𝐸⃗⃗1 ⋅ 𝐸⃗⃗2)
𝑅

𝑑𝑅 = ∫ (∇φ1 ⋅ ∇φ2)𝑑𝑅
𝑅

. (𝐵. 16) 
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Under the conditions of Equations B.13, B.14, and B.16, Equation B.11 is reduced 

to: 

∫ (𝐸⃗⃗1 ⋅ 𝐸⃗⃗2)
𝑅

𝑑𝑅 = 0, (𝐵. 17) 

and from this the right-hand side of Equation B.9 can be expanded to: 

1

2
ε ∫ (|𝐸⃗⃗1,𝑏|

2
+ 2(𝐸⃗⃗1,𝑏 ⋅ 𝐸⃗⃗2) + |𝐸⃗⃗2|

2
− |𝐸⃗⃗1,𝑎|

2
− 2(𝐸⃗⃗1,𝑎 ⋅ 𝐸⃗⃗2) − |𝐸⃗⃗2|

2
) 𝑑𝑅

𝑅

, (𝐵. 18) 

where by Equation B.17 the 2nd and 5th terms are zero, making Equation B.9: 

∑ 𝑉𝑖Δ𝑄𝑖

𝑘

𝑖=1

− 𝑞 ∫ (𝐸⃗⃗1 + 𝐸⃗⃗2) ⋅
𝑏

𝑎

𝑑𝑠 =
1

2
ε ∫ (|𝐸⃗⃗1,𝑏|

2
− |𝐸⃗⃗1,𝑎|

2
) 𝑑𝑅

𝑅

. (𝐵. 19) 

Equation B.19 states that the change in field energy is reflective of only the drift of 

charge in the volume 𝑅, that is, condition 1. Therefore, the fixed electric potentials of the 

conductors do not change the field energy. Expanding the left-hand side of Equation B.19 

and substituting the right-hand side from Equation B.6 yields 

∑ 𝑉𝑖Δ𝑄𝑖

𝑘

𝑖=1

− 𝑞 ∫ 𝐸⃗⃗1 ⋅
𝑏

𝑎

𝑑𝑠 − 𝑞 ∫ 𝐸⃗⃗2 ⋅
𝑏

𝑎

𝑑𝑠 = −𝑞 ∫ 𝐸⃗⃗1 ⋅
𝑏

𝑎

𝑑𝑠, (𝐵. 20) 

which simplifies to 

∑ 𝑉𝑖Δ𝑄𝑖

𝑘

𝑖=1

= 𝑞 ∫ 𝐸⃗⃗2 ⋅
𝑏

𝑎

𝑑𝑠. (𝐵. 21) 

The electric potential at an arbitrary point in a static electric field 𝐸⃗⃗ is given by the 

line integral 

φ = − ∫𝐸⃗⃗ ⋅
𝐶

𝑑𝑠, (𝐵. 22) 
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where 𝐶 is a path between two points in the field. This can be used to rewrite the right-

hand side of Equation B.21 as follows: 

∑ 𝑉𝑖Δ𝑄𝑖

𝑘

𝑖=1

= −𝑞(𝜑2,𝑏 − 𝜑2,𝑎). (𝐵. 23) 

At this point, a set of three conditions must be imposed to find the time-dependent 

induced current and charge on a single conductor: 

1) Set the potential on a single conductor of interest to 1.0 V, call this conductor 1. 

2) All other conductors are set to 0 V potential. 

3) Consider only the case were all charge distributions in the volume 𝑅 are ignored, where 

this is already implicitly done in Equation B.23. 

 Under the above conditions, Equation B.23 becomes 

(1.0 V)Δ𝑄1 = 𝑞 ∫ 𝐸⃗⃗2 ⋅
𝑏

𝑎

𝑑𝑠

= −𝑞(𝜑2,𝑏 − 𝜑2,𝑎),

(𝐵. 24) 

where dividing both sides by 1.0 V results in the Ramo weighting potentials 𝜑2,𝑏𝑅 and 

𝜑2,𝑎𝑅 and the Ramo weighting field 𝐸⃗⃗2𝑅: 

Δ𝑄1 = 𝑞 ∫ 𝐸⃗⃗2𝑅 ⋅
𝑏

𝑎

𝑑𝑠

= −𝑞(φ2,𝑏𝑅 − φ2,𝑎𝑅),

(𝐵. 25) 

From B.25 and the knowledge that current is defined as the derivative of charge 

with respect to time, the time-dependent induced charge 𝑄(𝑡) and current 𝑖(𝑡) for a single 

conductor due to the movement of a particle with charge 𝑞 are: 

𝑄(𝑡) = −𝑞𝜑2𝑅(𝑠(𝑡)), (𝐵. 26) 

𝑖(𝑡) = 𝑞𝐸⃗⃗2𝑅(𝑠(𝑡)) ⋅ 𝑣⃗(𝑡), (𝐵. 27) 
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where 𝑣⃗ is the constant velocity of the particle, thus completing the derivation of the 

Shockley-Ramo theorem. 
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Appendix C. Anode Production 

Segmented detector design requires that multiple conductive electrodes are as close 

as possible to each other on the anode plane while not being in electrical contact, where 

the former is done to ensure minimal perturbation of the detector electric field. In addition 

to these requirements, each electrode must be connected to HV and amplifier circuitry. 

This can become complicated when electrodes are isolated from the edge of the anode, 

requiring cable connections to be made from the back of each segment. While the prototype 

1.9 detector does not have this complication, subsequent SCI-CASTER detectors will and 

it was therefore decided to develop a manufacturing process that can be used in future 

designs. 

A PCB-based design was chosen as the most likely candidate, as it can be precisely 

machined on both a waterjet cutter and a laser cutter and can be chemically etched to create 

small features. An important consideration is that CO2 lasers tend to reflect off copper 

surfaces rather than cut them whereas the FR4 material used in PCBs is readily burned by 

the laser, albeit with a poor finish. This makes a CO2 laser a reasonable choice both for 

precise laser drilling and laser etching of a mask on the PCB copper surface. To test the 

minimum feature size of the segment gaps and the feasibility of laser drilling blind vias 

into the PCB, two test boards were made. 

The first board used wide spacings of 3.0 mm and 0.5 mm to test the etching 

capability of the laser cutter being used (Kern 400 Watt HSE CO2 laser), and a variety of 

hole sizes for the blind vias to determine the minimum diameter (Figure C.1). The laser 

etching process generally consists of covering the copper face of the PCB with 4-5 layers 

of black spray paint and subsequently making 4-5 raster-scan engraving passes using the 

laser cutter, effectively creating a mask for the copper chemical etching process. Multiple 

passes are required to fully remove the spray paint layer as some of the paint will re-adhere 

to the copper surface after removal [53]. 
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(a) Laser used to etch away all paint except over an array of square segments. 

 

(b) Laser drilled blind vias at varying power levels and diameters. 

Figure C.1: First board made for testing laser processing of PCBs. 

The removal of paint using laser etching is shown in Figure C.1(a) and 

demonstrated that good results could be achieved for the chosen wide spacings. Laser 

drilling tests done in Figure C.1(b) yielded a minimum programmed hole diameter of 

approximately 2.0 mm, where this was limited by the tapered structure of the hole due to 

divergence of the laser beam between its focal point at the top surface of the PCB and the 

defocused beam at the back of the copper cladding. 

The second board used finer spacings of 0.25 mm and 0.1 mm to further test the 

laser etching resolution, and an attempt was made to laser drill a matching array of 2.0 mm 

diameter blind vias behind the array of square segments. The exposed copper was 

subsequently chemically etched using ferric chloride to create an array of copper segments, 

where different stages of the process are shown in Figure C.2. 
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(a) Masked and chemically etched test patterns. 

 

(b) Laser drilled blind vias behind test patterns. 

 

(c) Front of second test board after removal of the paint mask. The squares in the 

green box had good alignment with the blind vias and demonstrated minimal surface 

disruption, albeit with discoloration present. 

Figure C.2: Second test board at various stages of processing. 

Figure C.2(a) shows that there are different limits to the laser cutter’s etching 

resolution, where the visible limitation likely comes from the beam needing to pulse as the 

laser head scans the board. As a result, 0.25 mm has been considered to be the reasonably 

attainable minimum separation between segments. Figure C.2(b) clearly shows the back of 

the copper cladding of the PCB, as well as the poor finish attained when laser cutting FR4. 
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While the laser drilled blind vias were not in perfect alignment with the test pattern of 

squares (Figure C.2(c)), the ones that did align showed minimal disruption to the copper 

surface other than some discoloration.  

As a final step, different methods of connecting cables to the segments through the 

blind vias were tested using the second board (Figure C.3). These methods included various 

types of soldering and a conductive epoxy; the results of the tests are given below: 

Leaded solder and soldering iron: Would not bond to copper, soldering iron marred the 

segment faces. 

Low-temperature solder and hot plate: Successfully bonded to copper, good conductivity 

and strength. 

Low-temperature solder with flux and hot plate: Would not bond to copper, flux caused 

solder to float in the via and fall out after cooling. 

Conductive epoxy: Successfully bonded to copper, however resistance measured in the kΩ 

range. 

 

Figure C.3: Testing attaching cable to copper segments. Methods included: leaded solder 

and soldering iron (not shown), low-temperature solder and hot plate (green), low-

temperature solder with flux and hot plate (red), and conductive epoxy (blue). 
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It was found that the use of a hot plate with low-temperature solder gave the most 

consistent results with no significant resistance measured between the copper face and the 

cable end, and this method was therefore used in the production of the prototype 1.9 

segmented anode. 

The process of creating the anode plates began by machining all cut-through 

features on the PCBs on a waterjet cutter, since CO2 lasers, as discussed previously, leave 

a poor surface finish on FR4 and tend to reflect off copper. Images of the waterjet bed and 

the finished PCB components are shown in Figure C.4. 

   

(a) Waterjet cutter bed 

with remaining material. 

(b) Cut anode PCB. (c) Cut grounding plate 

PCB. 

Figure C.4: Waterjet processing of the anode PCBs. 

Following this, the anode PCB was coated in 5 layers of black spray paint and 

loaded into the CO2 laser cutter, where a 0.25 mm wide line was etched in the paint mask. 

A paper mounting frame was used to align the anode PCB in the laser cutter and keep its 

position consistent between manufacturing steps. Images of this process are shown in 

Figure C.5. 
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(a) Cut paper frame to 

mount anode PCB. 

(b) Painted anode PCB in 

paper frame backed with 

borosilicate. 

(c) 0.25 mm wide line 

etched into anode PCB 

paint mask. 

Figure C.5: Laser etching the anode PCB paint mask. 

The now exposed copper line was etched away using ferric chloride, however the 

etching process took unusually long, in excess of 6 hours. It was later found that running a 

scalpel along the exposed copper line sped up the process significantly, and likely indicates 

that more etching passes were required to fully remove the paint mask. Due to the long 

etching time, the line dividing the anode PCB has a varying width from 0.25 mm to 

approximately 0.5 mm, and the edges of the PCB have visible degradation (Figure C.6). 
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(a) Masked anode PCB in ferric 

chloride. 

(b) Etched and cleaned 

anode PCB. 

(c) Close-up of 

segment line and 

PCB edge. 

Figure C.6: Anode PCB chemical etching. 

After the chemical etching process, the PCB was loaded back into the CO2 laser 

and aligned face-down in the paper frame. Two 2.0 mm blind vias were then laser drilled 

into the back of the PCB, where minor deformation of the copper face occurred due to one 

additional etching pass. As a final step in the anode production, two 0.5 mm thick copper 

washers were machined and adhered in alignment with the blind vias using high-

temperature epoxy (Figure C.7). These were added to give additional strength to the solder 

connections for the cables. 
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(a) Anode PCB 

flipped in laser 

cutter. 

(b) Laser drilled 

blind via. 

(c) Anode PCB front with 

minor deformations at blind 

vias. 

(d) Anode PCB 

back with 

copper washers. 

Figure C.7: Laser drilling of anode PCB. 

RG-174 coaxial cable was used to make the electrical connections to the anode 

segments. A cross-sectional diagram of the connection is shown in Figure C.8, and images 

of the soldering process and attached cables are shown in Figure C.9. 

 

Figure C.8: Diagram of coaxial cable connection to the anode. 
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(a) Low-temperature soldering of the 

anode PCB on a hot plate. 

(b) Assembled SCI-CASTER prototype 1.9 

detector with soldered cables in place. 

Figure C.9: Final assembly of anode PCB and detector. 

 

 


