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Abstract

This work is the first comprehensive investigation of the issues confronting silicon

microdosimetry and its application to radiotherapy. Four main problems requiring

investigation are identified and addressed including requirement specification with

particular emphasis on device shape, tissue equivalence, noise minimization, and

sensitive volume definition.

Analysis of device shape showed that a rectangular parallelepiped with a tissue

equivalent converter on top of device (i.e. a silicon microdosimeter) provides a lineal

energy spectrum that is closely equivalent to a sphere using the criteria of equal dose

mean lineal energy. The tissue equivalent study demonstrated that under appropriate

geometrical scaling (dimensions multiplied by 1/0.63) silicon detectors with well known

geometry will record energy deposition spectra representative of tissue cells of

equivalent shape. A novel prototype device using silicon-on-insulator (SOI) is

presented. Silicon-on-insulator technology assists in defining the sensitive volume depth

although the current device still suffers from lateral diffusion effects. I-V and C-V

testing are performed and a noise optimization design model is presented.  Methods for

characterizing the collection efficiency and radiation hardness of silicon

microdosimeters are presented and compared including alpha and proton microbeam

spectroscopy, broadbeam alpha spectroscopy and 2D and 3D device simulation.

Results from testing the low noise prototype SOI device at several high LET clinical

facilities including BNCT, proton therapy and fast neutron therapy facilities are

presented. In the BNCT experiments, a simultaneous thermal neutron flux and

microdosimetric measurement at a high spatial resolution is demonstrated. The use of

SOI technology in experimental microdosimetry offers simplicity (no gas system or HV

supply), high spatial resolution, low cost, high count rate capability and the possibility

of integrating the system onto a single device with other detector types. The device also

offers applicability in radiation protection and electronic single event upset (SEU)

studies.
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1. Introduction

1.1 Background
Ionizing radiation deposits energy within matter via the processes of ionization and

excitation. These interactions deposit energy in discrete highly concentrated packages

distributed non-uniformly throughout an irradiated body. Although, the standard

quantity for specification of irradiation is the absorbed dose, defined as the average

energy deposited per unit mass, radiation effects are largely determined by the

microscopic pattern of energy distribution relative to the sensitive structures of the

irradiated body. For the case of biological effects, it is well known that radiation types

with differing patterns of energy distribution will have different effects for the same

absorbed dose.  This effect is quantified by the term relative biological effectiveness

(RBE). The field of microdosimetry evolved from a desire to understand the effects of

different radiation sources through an analysis of the absorption of ionizing radiation at

a scale comparable to the affected structures.

Microdosimetry is formally defined by Rossi and Zaider as [1] “the systematic study

and quantification of the spatial and temporal distribution of absorbed energy in

irradiated matter". Although, much of the historical development of microdosimetry has

focused on its applications to radiobiology, the concepts have utility in a diverse range

of applications such as radiation effects on electronics. The fields of radiation

protection, radiobiology, radiotherapy and radiation effects on electronics require

microdosimetry methods for measuring the pattern of energy deposition in small cell-

sized volumes.

The scale of measurements in microdosimetry is typically at the micron level. At such

small dimensions, the primary tool of experimental microdosimetry has been the low-

pressure proportional counter. Although generally considered the best currently

available detector, the proportional gas counter has several shortcomings. These include

a relatively large physical size which limits spatial resolution and increases vulnerability

to pileup effects (p198 [1]), the use of gas in the detection volume which leads to phase

effects and wall effect errors [2], and an inability to simulate an array of cells.

In certain applications silicon based detectors offer significant advantages particularly

with regard to spatial resolution. McNulty [3] proposed the use of arrays of silicon
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reverse-biased p-n junctions for characterizing complex radiation environments inside

spacecraft and aircraft primarily. The work was intended to have applications in

determining single event upset (SEU) risks to microelectronics and as a biological

microdosimeter for personnel monitoring. The detector is connected to a spectroscopic

system in which charge collection induced by radiation interactions is recorded by a

multi-channel analyzer. Such a detector removes several of the previously mentioned

problems associated with proportional gas counters. Silicon diode array microdosimetry

exploits the small size, rapid development, and current manufacturing capabilities of

integrated circuit technology. Furthermore, the capabilities of such technology continue

to grow at an astonishing pace enabling the development of new detector designs.

Fortunately, the requirements of a device designed to study SEU phenomena coincide

with the requirements of a biological microdosimeter. This is a manifestation of the

close correlation between SEU phenomenon, biological cell death, and microdosimetry

[1, 4]. For example, an electronic memory state change (or bit flip) is analogous to cell

death in radiobiology. Both applications demand an accurately defined sensitive volume

(region of charge collection), an array of identical diodes to improve collection statistics

and diode structure sizes of the order of a few microns. Therefore, in developing a

silicon microdosimeter one may draw upon the wealth of study in single event upset

phenomenon in electronic devices.

However, several problems have impeded the widespread application of silicon based

microdosimetry in medical applications. These problems include the tissue equivalence

of the device, insufficient low noise capability and a poorly defined sensitive volume. In

this work, a novel high spatial resolution silicon based microdosimeter using silicon-on-

insulator (SOI) technology is presented. The aim of this work was to develop methods

that address the key problems impeding silicon microdosimetry using the SOI

microdosimeter as a prototype test device. The feasibility of using the device in high

linear energy transfer (LET) clinical environments was verified by experimentation at

boron neutron capture therapy (BNCT), fast neutron therapy (FNT) and proton therapy

facilities. Such an encompassing study of the problems affecting silicon microdosimetry

and the application of such devices to medical radiation environments has not

previously been attempted.
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1.2 Thesis Outline
The organization of the thesis is shown in detail in the Table of Contents and described

briefly as follows:

Chapter 1. Brief introduction and thesis outline

Chapter 2. The literature review summarizes past and current research in the areas

relevant to the thesis topic. Emphasis is given to experimental methods in

microdosimetry and particularly, previous research in developing and

testing silicon based microdosimeters. The rationale behind utilizing

silicon based microdosimetry in medical radiotherapy applications is

discussed. Four main problems requiring investigation are identified (and

addressed in chapters 3, 4, 5 and 6) including requirements especially

device shape, noise minimization, tissue equivalence, and sensitive

volume definition. Additional literature reviews occur throughout the

thesis were it is necessary to introduce background material for improved

understanding.

Chapter 3. The requirements of a silicon microdosimeter are discussed with a

particular emphasis on detector shape considerations. Criteria for the

equivalence of measurements made using a rectangular parallelepiped

shaped silicon device, with a tissue equivalent converter, are determined.

Chapter 4. The design of the silicon-on-insulator (SOI) prototype device and

associated electronics is described along with a noise optimization model

used in the prototype design. I-V and C-V testing of the prototype is

presented. Although not meeting all the desired requirements the device is

an improvement on previously constructed silicon microdosimeters.

Chapter 5. The problem of tissue equivalence correction for silicon microdosimetry is

addressed. A method for correcting microdosimetric measurements in

silicon to tissue volumes is derived and confirmed using Monte-Carlo

simulations.

Chapter 6. The device sensitive volume and radiation hardness is determined.

Methods for characterizing the collection efficiency and radiation hardness

of silicon microdosimeters are presented and compared including alpha



Chapter 1: Introduction                                                                                                                   Page 4

4

and proton microbeam spectroscopy, broadbeam alpha spectroscopy and

2D and 3D device simulation.

Chapter 7. Having fully characterized the device behavior and addressed the key

problems the prototype was tested in several major high LET clinical

facilities. In this chapter, initial testing of the device at three boron

neutron capture therapy facilities is presented (BNL, MIT and KUR). The

interaction of thermal neutrons with each of the device materials is

analyzed. Simultaneous thermal neutron flux and microdosimetric

measurement at a high spatial resolution is demonstrated.

Chapter 8. This chapter presents the first demonstration of a SOI based

microdosimeter in a neutron therapy beam (Harper Hospital, Detroit) with

results sufficiently promising to confirm the feasibility of the device in

this application. A detailed comparison with a proportional counter is

performed. Despite some deficiencies in the existing design,

microdosimetric radiation quality variations may still be characterized

qualitatively.

Chapter 9. Initial testing of the device in two proton therapy facilities (PMRC, and

NPTC) is presented. Testing at the recently constructed NPTC facility in

Boston demonstrated the capability of the device to record lineal energy

spectra with high spatial resolution. High count rate measurements not

previously performed were made at PMRC.

Chapter 10. Conclusion providing a summary of main results and suggested directions

for further research.

In summary, the identified problems are addressed in chapters 3, 4, 5 and 6 whilst initial

clinical facility testing follows in chapters 7, 8, and 9.

Finally some notes on presentation.

• The spelling in this thesis conforms to US English.

• References are presented in IEEE format. The use of "et.al" for references to papers

with multiple authors is not used. The vast majority of papers have multiple authors

and as such multiple authors may be assumed by default.
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