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Novel Detector Technologies for Medical Applications
at the Example of Tumor Detection in BNCT
by Alexander Dieter W INKLER
The next evolutionary step in medical imaging and radiation
therapy is to employ novel detector technologies capable of photon counting operations. These detectors allow to acquire the
spectrum of the radiation for each pixel. Currently used energy
integrating detectors do not allow this. Two types of detector
materials capable of photon counting operation are discussed in
this work. With the result that the detector technology based on
CdTe and CdZnTe is more matured than GaAs. The spectral information of photon counting detectors can be used for numerous applications and diagnostic improvements. A distinct example is presented for boron neutron capture therapy (BNCT).
This therapy lacks an accurate real time method to determine
the 10 B concentration within the patient. Previous approaches
failed because of the low signal to noise ratio of the used signal. A method has been proposed to improve this therapy by
employing CdTe based photon counting detectors. These detectors allow detection of a secondary signal with a higher signal to noise ratio. Additionally, efforts to produce CdTe based
photon counting detector arrays, for medical applications, are
described.
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Chapter 1

Introduction
Imaging technologies are part of the most essential tools used in
modern medicine. The ﬁrst diagnostic devices were employed,
within a year of Röntgen’s description of X-rays in 1895, leading
to the numerous applications of ionizing radiation that we have
in medicine today.
Soon after the discovery of X-rays, reports of adverse effects
such as hair loss or deep skin burns were reported. Nevertheless, it took until 1960 that the International Labour Organization (ILO) restricted workers from exposure to ionizing radiation in their Radiation Protection Convention (ILO, 1960). Partially based on this convention, the ALARA principle was developed. It states that the exposure to ionizing radiation (or
other occupational health risks) should be As Low As Reasonably Achievable. This principle is one of the essential driving
forces in the development of every new generation of ionizing
radiation devices in medicine. In medical imaging the aim is
to reduce the exposure for both the patient and the operator,
while simultaneously increasing the image quality and diagnostic value. Through this effort we have come from photographic plates, via ﬂuorescence screens to scintillator coupled
photo diodes. Allowing us to quickly transfer the information
obtained through ionizing radiation into digital signals that are
used in medical applications. Nowadays, patient doses are only
a fraction of the doses that were given with the ﬁrst diagnostic images in 1886. Additionally, the image quality has dramatically improved. However, there is still room for further improvement.
The current imaging technology largely employed in medical imaging applications, is scintillator based (Bushberg et al.,
2001; Nikl, 2006; Beckert et al., 2016; Pani et al., 2016). These
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are energy-integrating detectors, thus energy of the absorbed
radiation is not measured per single quantum, but integrated
over a time interval. The next technological step is to employ
direct conversion techniques, allowing the measurement of the
absorbed radiation per single quantum. Detectors capable of
this technique are called photon counting (PC) detectors in medical physics, as described by Hasegawa et al. (1991) for example.
The development of these kinds of detectors requires substantial technological effort, but ﬁrst prototypes have already been
tested with positive results (Kalender et al., 2016; Pourmorteza
et al., 2016).
The development of direct conversion detectors with photon counting capability will lead to profound improvements in
medical (e.g. X-ray) imaging. By having access to the full detected spectrum, a single exposure can improve image contrast
by revealing conventionally hidden differences in anatomic images (Roessl et al., 2007; Muenzel et al., 2016). Similarly, an
analysis of the spectral composition of the recorded data can
be used to efﬁciently separate different tissue types of similar
density. This enables new diagnostic possibilities and increases
accuracy (Schlomka et al., 2008; Wang et al., 2011).
However, the development of PC detectors for medical applications is heavily dependent on the detector material that is
used. The basic functionality of such a detector is based on a
diode structure, made from doped semiconductor materials (see
Sections 3.1.2 and 3.1.3 for details). Although a number of semiconductor materials are known, only a small number qualify for
the use as radiation detectors. Table A.1 in the Appendix lists
the most promising candidates for the usage in medical applications, while basic physical principles and concepts for the usage
of these candidates are provided in Section 3.1. The two most
favored materials are Cadmium Telluride (CdTe) and Cadmium
Zinc Telluride (CdZnTe/ CZT)1 . These materials allow a good
compromise between the requirements and the restrictions of
ionizing radiation that is used in medicine. This is discussed in
Section 3.1.3.
A remarkable example of the beneﬁts of PC detection in
medicine is presented in this thesis. It gives a glimpse of the
1

Cadmium Telluride and Cadmium Zinc Telluride detectors are technologically similar to each other. All results of this work apply equally to both the
CdTe and CdZnTe detector types.

1.1. Boron Neutron Capture Therapy

3

possibilities that become available with the PC detector technology, but is not restricted to the given example.

1.1

Boron Neutron Capture Therapy

Boron Neutron Capture Therapy (BNCT) is a binary radiotherapy that has been under development for certain malignant tumors (Savolainen et al., 2013), since the 1930’s. As in other radiotherapies, a lethal or accumulated lethal radiation dose is
delivered to tumor cells, while the surrounding healthy tissues
are exposed to non-lethal doses. For external radiotherapy this
dose is delivered via high energy (∼ MeV) photons, electrons or
heavier particles, and radiation beams are generated outside the
patient usually by an accelerating device. Brachytherapy is an
example of a common internal radiation therapy. A sealed radiation source is usually placed (for example surgically) in or near
the area of treatment. The lethal dose is then released to a localized volume, while tissues further away are not affected.
Neutron capture therapy (NCT) can be considered a third category. The lethal radiation dose is released locally by nuclear
reactions that are occurring in a tumor seeking compound, if
that compound is exposed to an external neutron radiation
ﬁeld (Locher, 1936). In boron neutron capture therapy (BNCT)
this compound carries boron-10 (10 B) atoms that have a high
neutron capture cross section of 3843 b at thermal energies of
E < 0.4 eV (Chadwick et al., 2011).
BNCT has been evaluated in several clinical trials in the second half of the last century with good success rates (Mishima
et al., 1989; Slatkin, 1991; Nakagawa et al., 1997). It may also
be suited in combinations with traditional treatments such as
chemotherapy, or surgery. The therapy can also be a last resort
for patients that have exhausted all other therapeutic options.
Newer clinical studies have demonstrated the safety and effectiveness of BNCT (Kankaanranta et al., 2012; Savolainen et al.,
2013). In spite of the advantages of the therapy, three main issues remain to be solved before its general acceptance as an additional tool in radiation therapy (Wikipedia, 2017).
1. The development of more tumor-selective boron delivery
agents for BNCT.
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2. An accurate, real time dosimetry to better estimate the radiation doses delivered to the tumor and normal tissues.
3. The evaluation of recently constructed accelerator-based
neutron sources as an alternative to nuclear reactors.

The ﬁrst problem is mostly a pharmaceutical task and is not
discussed further in this work. The last problem is currently
under investigation as more accelerator based neutron facilities
are being planned or come into operation (Kumada et al., 2011;
Tanaka et al., 2011; Kreiner et al., 2014; Phoenix et al., 2015;
Horiike et al., 2015; Biomedicum Helsinki Foundation, 2016).
The application example of PC detectors of this work concentrates on the second issue, which requires the development of
imaging and detector technologies. One possible method for
the real time dosimetry is a similar approach to that applied in
single photon emission computed tomography (SPECT). That is
by imaging the prompt gammas (PG) resulting from the boron
neutron capture (BNC) reaction and analyzing them for intensity and distribution. Several research groups have proposed
BNCT speciﬁc SPECT methods, called BNCT-SPECT (Verbakel
et al., 1997; Kobayashi et al., 2000; Rosenschöld et al., 2001; Minsky et al., 2009) with all aiming to provide the online dosimetric data, i.e. by counting and localizing the absolute number of
BNC reactions within the patient.
However, a conclusion of the proposed BNCT-SPECT methods is that the signal background requires further reduction in
order to identify the PG photons from the boron neutron capture reaction within the gamma and neutron induced gamma
background spectrum (Kobayashi et al., 2000; Minsky et al.,
2009). Thus, a poor signal to noise ratio (SNR) prevents active
exploitation of the proposed BNCT-SPECT approaches. The logical course to increase the SNR, is to employ highly sensitive
detectors with good energy resolution (hence PC detectors).
Common candidates are Germanium (Ge) detectors, which
are counted among the most sensitive detectors with the best energy resolution available. However, their cooling and spatial requirements are not suited for clinical environments (Kobayashi
et al., 2000; Savolainen et al., 2013). Section 3.1.3 outlines this
circumstance. Furthermore, the lack of two dimensional (2D)
detector arrays (e.g. detectors of 20 x 20 cm size, consisting of
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hundreds or thousands of pixels) disqualiﬁes Ge detectors for
BNCT-SPECT.
The second detector type often evaluated for BNCT-SPECT
are CdTe detectors. These detectors do not require excessive
cooling and can be produced in 2D detector arrays. In the
2000s some groups started to investigate the usability of CdTe
detectors in BNCT-SPECT (Kobayashi et al., 2000; Valda et al.,
2005), with the conclusion that about 4% energy resolution is
sufﬁcient (Valda et al., 2005). Furthermore, appropriate neutron
shielding and collimation techniques are required for its successful usage (Kobayashi et al., 2000). Back then, CdTe detectors did not fulﬁll all of these requirements. Devices with sufﬁcient energy resolution were available, but at high prices and the
non-availability of multi-pixel-spectrometers prohibited further
investigations. Here, multi-pixel-spectrometers are referred to
as 2D arrays capable of PC operation. These kind of detectors
are required for SPECT like operations. Moreover, the shielding
of the neutron background, which requires large ﬁlter structures
made these detector types unfeasible for BNCT-SPECT.
Since then several technological advances have been made
and new evaluations of the CdTe detector technology have been
carried out. Improvements in the energy resolution (Kargar
et al., 2010; Murata et al., 2014) and device sizes (Redus et al.,
2006) were identiﬁed. This novel generation allows to efﬁciently
detect and identify the PG photons from the BNC reaction (also
called boron signal) in BNCT-SPECT. However, the SNR of the
boron signal is still small compared to the large and always
present gamma background and especially the neutron induced
gamma background. This led to the author’s hypothesis that
the neutron induced gamma background could be classiﬁed
as a second, dependent signal of the boron concentration and
distribution in the tumor. Therefore, a modiﬁcation of the
BNCT-SPECT method was proposed in Publication I and is
summarized in the following Section 1.2.
The ultimate aim of this work is to enable the accurate detection of 10 B distributions of a target (tumor) in a phantom (patient). This will enable a similar approach as published by Minsky et al. (2011), however by involving signals from both the
BNC and cadmium neutron capture (CdNC) reactions. The presented approach allows tomographic reconstructions of the 10 B
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distributions within a patient to become achievable. Furthermore, the determination of the radiation dose to tumor and
healthy tissues as well as ascertaining the 10 B concentration in
the tumor become feasible, if these calculations are based on the
information obtained through both reaction types.

1.2

Modiﬁed BNCT-SPECT

The PG photons from the CdNC reaction (also called cadmium
signal) can equally be utilized to determine the 10 B concentration and location of a tumor in BNCT-SPECT. These PG photons
are related to the number of neutrons that pass a patient without being captured by the 10 B in the tumor. Hence, the overall number of detected neutrons (or for that matter PG photons
from the CdNC reaction) are related to how many BNC reactions
have taken place in the tumor. The more boron reactions have
occurred, the larger the boron signal and the smaller the cadmium signal will be. Therefore, in the context of BNCT-SPECT,
the number of neutrons that pass through the patient is a dependent function of the 10 B concentration.
Only a fraction of the neutrons from the epithermal neutrons
beam are captured by the 10 B, whilst the largest part of the neutrons will pass through the patient. For this reason, the signal
from the CdNC reaction is signiﬁcantly larger than the signal
from the BNC reaction. This improves the SNR of the cadmium
signal compared to the boron signal.
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Aim of this Work
The aim of this work is to present possibilities to enhance current methods of medical imaging and radiation therapy through
the use of PC detector technology. The usage of PC detectors in
BNCT-SPECT is an example of how to enable the so far unsuccessful in-treatment detection of the PG photons from the boron
neutron capture reaction. These PG photons can be used to determine the radiation dose to the tumor and healthy tissues, during the administration of the treatment. The speciﬁc aims of this
work are:
1. The re-evaluation of a CdTe based spectrometer to detect
the PG photons from the boron neutron capture reaction
in BNCT-SPECT. Furthermore, the sensitivity and capability of the device to simultaneously detect PG photons
from the BNC reaction and neutrons is to be tested (Publication I).
2. To verify the proposed modiﬁed method by obtaining agreement between experimental and simulated data, by
means of evaluating nuclear data libraries and simulation
output formats (Publication II).
3. To use the veriﬁed method to determine the position of
boron-10 enriched targets, by experiment and simulations.
Furthermore, to verify if the modiﬁed method could also
be applied for boron-10 concentrations that are occurring
during treatment (Publication III).
4. To enable data acquisition for the GaAs detector prototypes by reducing the electrical noise of the TCT setup,
located at HIP premises (Publication IV). Furthermore, to
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evaluate the GaAs detectors for their usability in medical
applications.
5. To verify the operational functionality of pixel detector
modules for the CMS pixel Phase I Upgrade -project. This
task allows the evaluation of the usability of the CMS readout chip for applications in medical physics. The veriﬁcation of the detector’s functionality for the CMS project was
achieved simultaneously (Publication V).

The results of Publication I led to the proposition for the
modiﬁcation of BNCT-SPECT. This had been discussed further
in Publications I - III. The contribution to Publication V led to
the production of the PC prototype at HIP. This prototype, described in Section 3.1.5, is ideally suited for its application in the
next generation of medical imaging systems and the proposed
modiﬁed method of BNCT-SPECT.
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Chapter 3

Background and Methods
3.1

Radiation Detection

High energy radiation that is produced from nuclear decays,
relaxations, cosmic radiation or in particle accelerators are
detected by radiation detectors. Several kinds of detectors
based on different physical effects, such as momentum, spin,
charge and energy are used for specialized tasks of detection.
The most common detection principles are based on ionization
and scintillating effects, but other principles like Cherenkovradiation, or simple defect induction are also used. This work is
focused on radiation detection by ionization that occurs in solid
state semiconductor detectors.
The outline of the physical processes of radiation detection
and detectors is following the line of argumentation of Knoll
(2010) and the Diploma thesis of the author (Winkler, 2017).

3.1.1

Principles of Radiation Detection

The basic interactions that occur in ionizing detectors are photo
electrical- and Compton-effect, as well as pair production. Depending on the energy of the ionizing event, all three can occur simultaneously and are a function of the detection material. A typical interaction diagram is plotted for CdTe in Figure 3.1. The relative cross sections of the photo electrical effect
(σph ), Compton-effect (σc ) and pair production processes (σp ) are
a function of the energy of the absorbed photon (Eγ ) and the
atomic number (Z) of the absorbing material. The formulas of
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F IGURE 3.1: Attenuation of the three main interaction processes and
the total attenuation in CdTe. Plotted with data from NIST, 2017.

Equation 3.1 approximate these relations (Knoll, 2010):
Zn
σph ∼
= aph · 3.5
Eγ

σ c ∝ ac · Z

σp ∝ a p · Z 2

(3.1)

with aph , ac and ap being constants for the photoelectric, Compton and pair production effect, respectively. From these relations
one can see that photoelectric absorption is the major process
of interaction in CdTe (Zeff (CdTe) = 50 with ZCd = 48, ZTe = 52)
at photo energies that are relevant for medical imaging devices
and the proposed modiﬁed method of BNCT-SPECT. These energies are < 600 keV1 .

3.1.2

Functionality of Semiconductor Detectors

Semiconductor radiation detectors are mainly based on pn- junctions, which are biased in one way or the other with an electrical
potential (see Section 3.1.3 for variations with CdTe detectors).
Due to this process, the area that is sensitive to radiation detection covers the semiconductor volume and in ideal cases the
complete volume. The ionizing radiation creates charge carriers
in the form of electron-hole pairs that travel within the electrical
ﬁeld to their respective electrodes. Consecutive read out electronics collect the charge carriers and process the information
into a signal.
1

Pair production does not occur for energies < 1022 keV.
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Depletion Layer
A depletion layer forms after charge compensation at the intersection of a p- and n-type semiconductor. The resulting electrical
ﬁeld prevents further electrons and holes from entering the region. Any newly generated electron-hole pair (e.g. by ionizing
radiation) will be pushed by the electric ﬁeld out of the depletion region towards the collecting electrodes. This makes the
depletion layer the active region where the process of radiation
to signal conversion occurs.
The phrase ionizing radiation indicates the process of interest.
A highly energetic particle (e.g. an X-ray photon) that passes
through the depletion layer will lose its energy by the means
of photoelectric absorption, Compton effect or pair production.
These processes create electron-hole pairs along the path of the
incident radiation. Further charge carrier pairs can be created by
secondary events. However, the overall number of charges created is constant for a certain particle energy and material. This
makes it possible to record energy spectra that refer to speciﬁc
characteristics of an ionizing radiation event.
Energy Resolution
The energy needed to create one electron-hole pair in a semiconductor detector is of the order of a few electron volts (eVs). For
CdTe and Gallium Arsenide (GaAs) these energies are 4.43 eV
and 4.20 eV, respectively (Del Sordo et al., 2009); also listed in
Table A.1. These low pair-creation energies enable the measurement of high energy resolution spectra with these materials, because even a low energetic ionizing event (a few keV) creates
several thousand electron-hole pairs. Assuming complete collection of the created pairs, a count at a speciﬁc energy in the
spectrum is recorded. Several counts at the same energy accumulate to peaks. Incident events of different energies create different numbers of electron-hole pairs and thus different peaks
appear in a spectrum. These peaks can be used to identify the
source or a nuclear reaction that has occurred.
The energy of the recorded event can vary dependent on further physical interactions such as Doppler broadening, or scattering effects. Additional, imperfections of the detector material
can also change the number of electron-hole pairs that are created by the event. Finally, the readout electronics add further
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distortions and noise to the recorded event. All these effects
lead to a statistical distribution of the energy that is detected for
incident events of a certain energy. If the energy of two adjunct
peaks is closer than the average broadening of the detecting system, then these peaks can not be distinguished anymore. This
leads to the deﬁnition of energy resolution. The higher the energy resolution of a detector system is, the closer two adjunct
peaks can be, while still being distinguishable. The most common way to measure the energy resolution of radiation detectors is to evaluate the full width at half of the maximum center
energy value (FWHM) of a peak. A guideline is that two peaks
can still be distinguished if they are at least one value of FWHM
at the measured energy apart.
Signal to Noise Ratio
The signal to noise ratio (SNR) is used to describe the efﬁciency
of separating a signal from the background. It can be used to
compare different devices and measurement setups. Its deﬁnition is the ratio of a signal divided by the noise of the signal.
Within the scope of the results of this work, a signal is deﬁned as
the pulse peak height count number from either the BNC, or the
CdNC reaction. Whilst noise is deﬁned as the number of registered counts up to the baseline threshold, at the position of the
signal. For example, the SNR of the BNC reaction of Figure 4.5
on page 37 (top part) at 45 mm is 1.4. This means that the boron
signal is 40% larger than the noise at this position.

3.1.3

CdTe Detectors

Detectors made of CdTe have successfully been established
as common room temperature radiation detectors and are already evaluated for clinical applications such as computed tomography (CT) and positron emission tomography (PET) scanners (Mikhaylova et al., 2013; Barber et al., 2015). Their energy
gap of 1.44 eV is large enough to broadly prevent thermally generated charge carriers to be exited into the conduction band and
thus reduce the thermal noise to acceptable levels. For comparison, detectors made of Ge have an energy gap of 0.67 eV, which
allows signiﬁcant thermal excitation of charge carriers into the
conduction band at room temperatures. Therefore, Ge detectors
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are cooled with liquid nitrogen (77 K), which reduces the thermal noise excitation to negligible levels. The larger energy gap
of CdTe allows the omission of the bulky mechanics required by
liquid nitrogen cooling systems. Therefore, more compact detector systems can be built.
The energy gap and the resulting leakage current of a detector are functions of the temperature. Varshni’s approximation describes the energy gap of semiconductors as a function of
temperature (T), (Equation 3.2 and Varshni, 1967):
Egap (T ) = Egap (0) −

αT2
β+T

(3.2)

where α is dEg /dT and β in approximation the Debye temperature. Egap (0) and Egap (T) are the gaps energies at zero and the
evaluation temperature. Figure 3.2 shows the energy gap of
CdTe as a function of temperature leading to 1.44 eV at room
temperature. The obtained energy gap value can then be used
to calculate the leakage current Ileak of a semiconductor, Equation 3.3.
Ileak (T ) ∝ T 2 · e

Egap
BT

− 2k

(3.3)

With kB being the Boltzmann constant. Equation 3.3 illustrates
the exponential dependence of the leakage current on the energy
gap, and thus on the temperature. At 1.44 eV it is a relatively
small value of approximately 10 nA (Figure 3.3). Conventional
silicon (Si) based detectors and hadron irradiated Si detectors
show currents of several μA, partially due to their smaller energy gap of 1.12 eV (Moll et al., 1999; Sze et al., 2006).
The higher effective atomic number of CdTe is the main reason for the substantially more effective absorption of higher energetic radiation compared to Si or Ge (see Equation 3.1). Furthermore, the electron-hole pair creation energy is small enough
to allow for a good energy resolution. The crystal growth of
compound semiconductors however, is not as simple as it is
for elementary semiconductor materials, such as for instance Si.
This results in a low production yield and a high price per detector (Su, 2015). Additionally, conventional doping as done for
Si, to obtain p- or n-type materials is not possible with CdTe,
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F IGURE 3.2: Energy gap of CdTe as a function of temperature, leading
to a gap of 1.44 eV at room temperature (293 K).

due to the formation of opposite-charged defects or defect complexes and the low solubility of possible donor materials (Wei
et al., 2001). Thus, pn-junctions are generally not available for
CdTe. However, the diode effect and therefore, the depletion
layer can be obtained with a blocking electrode. This is realized with a Schottky-diode type construction (Takahashi et al.,
2002), allowing bias voltages up to a few kV and full depletion
even for several millimeter thick devices. Alternatively, simple
ohmic-type detectors are also available. The latter however, are
less effective and are not used within the context of this work.
Suitable pieces of CdTe are usually cuboid volumes of a
few millimeteres side length. The detector used in this work
(Amptek X-123 CdTe, Amptek Inc., Bedford, MA, USA) employs
a crystal of 3 x 3 x 1 mm3 volume that is large enough to absorb
a substantial part of the radiation it is exposed to; assuming energies of < 600 keV (Amptek Inc., 2016). In combination with
suitable readout electronics, a clear identiﬁcation of the radiation source is possible.
CdTe Material Quality and Processing
The reason for the comparably small sizes of CdTe detectors lies
within the quality of the material. Unlike Si or Ge, the crystal growth process is substantially more complicated and requires precise control over numerous growth parameters (Li et
al., 2016). Despite considerable efforts during the last decades,
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F IGURE 3.3: Leakage current of CdTe as a function of the energy gap
with a closeup of smaller energies that are related to higher temperatures. The leakage current at room temperature (293 K) is typically
some tens of nanoamperes.

only 2 inch diameter ingots are available (Jeong et al., 2014) that
are containing a few large grains. Larger diameters still contain numerous smaller grains, which result in low single crystal
production yields. This non-availability of large diameter ingots (and wafers) has a substantial impact on the detector production chain, as most devices and techniques of the semiconductor industry are designed for Si wafers of 6 inch diameter
or larger and 300 μm thickness. Automated chip-scale processing, hence the processing of small cuboids of a few millimeters
side length is largely impossible and thus requires manual handling. This increases the price further as well as the chance
for errors. A slice of an CdTe ingot containing several larger
grains is shown in Figure 3.4. In addition to the visible grains
(Figure 3.4a), more defects that were revealed by infrared (IR)
inspection are marked in Figure 3.4b. Several additional grain
boundaries and crystallographic defects are visible, partially intersecting the volumes from which the detector are to be cut. Defects, such as grain boundaries or fractures inevitably lead to reduced detector performance. Therefore, intensive quality assurance is required for constant, detector performance (Szeles et al.,
2006; Winkler, 2017). The mechanical properties of CdTe include
fragility (Stahle et al., 1999) and low hardness (Zhang et al.,
2008), which further complicate detector production processes.
For example mask aligners that are used during the lithography
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F IGURE 3.4: a) A CdTe ingot slice with several visible grains and
marked volumes from which detectors are to be cut. b) The same slice
under IR inspection, revealing additional defects that are intersecting
the marked detector volumes. Adapted from (Szeles et al., 2006).

process, require certain contact pressure that can easily break
a CdTe crystal. Furthermore, the fragility of CdTe leads also
to reduced process temperatures of < 140 °C (Riley et al., 2001)
compared to Si processes. This temperature limit also has consequences on certain processes and chemicals that are commonly
used during Si processing, because not all can be used for CdTe
processing.

3.1.4

GaAs Detectors

Another semiconductor material that can be employed for room
temperature radiation detectors is GaAs. This material is comprised of Gallium (Ga) and Arsenic (As) and maintains an energy gap of 1.43 eV and an electron-hole creation energy of 4.20
eV, see Table A.1 for more details. Both values are similar to
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the properties of CdTe and a similar performance might be expected. However, the effective atomic number Zeff (GaAs) = 32
(ZGa = 31, ZAs = 33) of GaAs is smaller than that of CdTe. This
has direct impact on the relative cross sections of the photo
electrical-, Compton-effect and pair production processes and
thus, the effectiveness to convert ionizing radiation into charge
carriers. The relations of Equation 3.1 allow an assessment of
GaAs detectors for their usage in medical applications and for
BNCT-SPECT. Therefore, an evaluation of the absorption coefﬁcients for energies of < 600 keV is performed in Section 4.4.
The growth of the material is better understood than it is
for CdTe and various growth techniques exist. For example,
Liquid Encapsulated Czochralski (LEC), Chemical Vapor Deposition (CVD), Vertical Gradient Freeze (VGF) are commonly
used (Scheel et al., 2009). In addition, sufﬁcient control over
the growth techniques can be achieved to allow the production of single crystal ingots of 2 inch diameters or larger. The
mechanical properties of GaAs are similar to Si although at a
lower temperature range (Yonenaga et al., 1987). Devices made
of these semiconductors are also thermally stable (Sun et al.,
2016). Therefore, many standard processes and instruments that
are used for Si processing are compatible with GaAs semiconductors. Another advantage of GaAs over CdTe is that these
semiconductors can be doped, hence p- and n-type materials
are commercially available and thus various pn-junctions can be
designed. The devices characterized for Publication IV were ptype/ intrinsic/ n-type (PIN) structured diodes, grown with a
custom-made Chloride Vapor Phase Epitaxy (CVPE) method.
The diodes had a diameter of 1.75 mm and a thickness of 110 130 μm.

3.1.5

Photon Counting Detectors

A spectrometer for radiation requires a large volume to efﬁciently stop the ionizing event. In addition, sophisticated
readout electronics are necessary for high resolution spectroscopy. The latter usually contains only one input channel.
Thus, spectrometers are usually made out of single planar electrodes (Knoll, 2010), which do not allow position sensitivity.
Tracking and spatially resolved detectors, on the other hand, are
simple counters of larger, but thin areas comprised of millions of
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pixel or strip electrodes. The Si particle tracking detector system
(Dominguez et al., 2012) of the Compact Muon Solenoid (CMS)
experiment at the Large Hadron Collider (LHC) at CERN (Conseil Européen pour la Recherche Nucléaire, Meyrin, Switzerland), is a distinct example of a counting detector. However, no
spectral identiﬁcation is possible, as the ionizing event is usually not completely stopped within the detector. In addition, the
subsequent readout chain is not designed to provide the spectral
information, as the tracking detector is followed by calorimeters that measure the energy. The combination of spectrometric
and position sensitivity is part of active research and is a crucial
functionality for the proposed modiﬁcation of the BNCT-SPECT
method of this work. Devices in astro- and particle physics, that
are capable of recording spatial resolved spectra, are referred
to as pixelated spectrometers (Alvarez et al., 2011). In medical physics these devices are called photon counting detectors,
although describing essentially the same device (Shikhaliev et
al., 2011; Yu et al., 2015; Kalender et al., 2016). The discussion
of technical details of these combined instruments goes beyond
the scope of this work and the reader is kindly referred to the
dedicated literature; for example Wilson et al. (2013), MaciasMontero et al. (2015), Muenzel et al. (2016), and Symons et al.
(2017). The terms detector and spectrometer are used interchangeably in this work, however this may not apply outside of this
work.
A prototype of a photon counting detector based on CdTe
that was build at the detector laboratory of the Helsinki Institute of Physics (HIP, Helsinki, Finland) and is presented in Figure 3.5. A readout chip (ROC) designed for the CMS pixel phase
I upgrade Publication V at the LHC was ﬂip chip bonded to a
CdTe crystal. The extensive measurements required to characterize the ROC and its functionality for the CMS pixel phase I
upgrade Publication V revealed that the chip is in principle compatible with CdTe detectors and allows operation in PC mode.

3.2

Monte Carlo Simulations

Monte Carlo (MC) simulations are widely used to help to understand and analyze nuclear processes. In medical physics, particularly in radiotherapy, the MC simulations are used to calculate
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F IGURE 3.5: Prototype of a PC capable detector for the use in e.g. medical applications. The CMS ROC is on the bottom and the CdTe element on the top. The active detector material has a thickness of 1 mm.

the patient dose and to simulate the detector response, e.g. expected counts. In MC and in particular MCNP (Monte Carlo NParticle code, Monte Carlo Team, 2003a) simulations rely heavily on input libraries that contain data for the nuclear processes
and their products that are to be simulated. Several research
groups have specialized in maintaining and extending these libraries (Chadwick et al., 2011; Koning et al., 2012; Shibata et al.,
2012), but discrepancies between measured and simulated data
are found regularly (El Kanawati et al., 2011; Chadwick et al.,
2011, Publication II). Furthermore, depending on the software
version used, not all nuclear process can be simulated simultaneously. This leads to inconsistent results for mixed radiation
ﬁelds, in which the products of one type of radiation inﬂuence
the results of another type. The mixed neutron and photon radiation ﬁeld of BNCT is a particular example for that. The use
of correct data libraries and results calculations are essential for
MC simulations in medical physics and especially for the proposed modiﬁed BNCT-SPECT method. MCNP5 version 1.4 is
used in this work (Monte Carlo Team, 2005).
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Tallies F8 and F4

Depending on the problem, several calculation options can be
chosen in MCNP. These are called tallies and are indicated with
the letter F in MCNP. The F8 tally for example allows to simulate the pulse height spectrum measured by the detector. Furthermore, patient doses can be calculated with the energy deposition version (∗ F8) of this tally (DeMarco et al., 2002; Ye et
al., 2004). The F4 tally on the other hand, provides the total
track length ﬂux of particles (including photons) of a cell (Monte
Carlo Team, 2003a). The cell, is in the context of MCNP and
this work, the volume of the object, for which the ﬂux is simulated. The F8 tally is most useful for radiation therapy as the
dose deposited to a medium can be calculated, although with
possibly less accuracy than with comparable codes (Koivunoro
et al., 2012). However, the F8 tally does not allow the calculation of mixed radiation ﬁelds with neutrons. For BNCT-SPECT
simulations this means that the pulse height spectrum of a combined electron, photon and neutron ﬁeld can not be calculated
directly. An error will be returned if simulations of the F8 tally
of a neutron ﬁeld is attempted (Monte Carlo Team, 2003b). The
correct calculation of pulse height spectra for mixed radiation
ﬁelds with neutrons is however essential for the proposed modiﬁed BNCT-SPECT method (Section 1.2). The F4 tally does allow
this combination, but is not designed to provide pulse height
spectra of detectors. Nonetheless, it is still possible to simulate
a pulse height spectrum of CdTe with the F4 tally. The required
procedures are presented in Section 4.2 and Publication II.

3.3
3.3.1

Experimental Setups Used in this Work
BNCT-SPECT

The experimental data of the Publications I - III of this work,
were obtained with the epithermal neutron beam at the TRIGA
Mark II (FiR 1) reactor in Espoo, Finland (Auterinen et al., 2001).
In each case a cylindrical plastic phantom made of polymethylmethacrylate (PMMA, length 240 mm, diameter 200 mm) was
used to represent a patient’s head (see Figures 3.6 and 3.7).
For each setup, different inserts were placed along the central
axis (also referred to as the depth axis) of the phantom. First,
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plain PMMA inserts representing the patient before the boron
agent has been given. Second, some of these inserts were replaced with boronated polyethylene (PE, 3-wt% B, which is
≈ 2100 μg/g of 10 B) cylinders (length 19 mm, diameter 30 mm),
representing a patient’s tumor enriched with 10 B, Figure 3.8.
These PE cylinders were placed at a depth of 19 - 57 mm from
the phantom’s surface, which is a typical working distance for
epithermal neutron beams (Monshizadeh et al., 2015). During
experiments using the third setup, the PE cylinders were replaced by a PE phial (length 108 mm, diameter 27 mm) containing boric acid water with 400 μg/g 10 B concentration. The phial
was placed to start from the surface of the phantom. The three
setups will be referred to as Phantom, Tumor and B-water in this
work. An experimental conﬁguration similar to the one presented in Figure 3.6 was used for all setups.

F IGURE 3.6: General experimental setup used for Publications I - III.
The detector is located inside the silver lead shielding on the left that
also acts as a collimator. For the ﬁrst experiments, the detector was
kept stationary and was moved along the depth axis of the phantom
for later experiments.

The detector used in all experiments is an Amptek X-123
CdTe spectrometer (Amptek Inc., 2016). For Publications I, the
detector was placed at a ﬁxed position and distance from the
phantom, as illustrated in Figure 3.6. For Publication III the detector was moved in several steps parallel along the phantoms
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F IGURE 3.7: Close up of the phantom with boronated target inserts.
The (white) PE targets used for the Tumor setup are visible on the left
hand side of the phantom.

depth axis. The detector itself was shielded with a 6 mm lead
housing encasing the whole device and acting as a collimator
with a length of 22 mm. Further, a linear energy calibration was
performed using 133 Ba and 137 Cs isotopes. This resulted in resolutions (FWHM) of 2.56 keV at 356 keV and 5.99 keV at 662 keV,
respectively. The detector efﬁciency at 500 keV is approximately
5.6% (Amptek Inc., 2002).

3.3.2

Transient Current Technique Test Setup for GaAs
Diodes

A custom design Transient Current Technique (TCT) setup was
used for Publication IV. The TCT is used for measuring the effective concentrations of charge carriers in pn-junction detectors
made of various materials (Eremin et al., 1996). The TCT setup
at HIP contains measurement speciﬁc, low-noise preampliﬁers,
bias-Ts2 as well as a red and an IR laser. The later are used to
create charge carries in the semiconductors under test. All components are located inside a light-tight metal enclosure. After
2
Bias-Ts are devices that allow to combine (separate) signals from (into)
their components of direct- and alternating current.
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F IGURE 3.8: Boronated PE (3-wt% B) targets used for the Tumor setup.

preampliﬁcation, signal amplitudes of the order of mV are expected for the GaAs diodes. These are signiﬁcantly smaller than
the signals of Si diodes. This is partially due to the higher resistivity of GaAs (see Table A.1). Signiﬁcant efforts were undertaken to reduce the electrical noise of the system, in order to
enable the acquisition of the data that were presented in Publication IV.

3.3.3

CMS Pixel Phase I Module Testing Setup

The setup used for Publication V is a standard probe station that
is available at the clean room facilities of HIP. A custom made,
multichannel probe card was used to allow temporary electrical connection to the CMS ROC PSI46DIG (Dominguez et al.,
2012); see Figure 3.9. Once a connection was established, a series
of electrical tests were run to determine the functionality of the
ROC. Besides the large amount of ROCs that were tested, substantial effort was put into noise reduction of the testing system.
Both have led to a deeper understanding of the ROCs functionality and its possible usage with CdTe detectors.
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F IGURE 3.9: A CMS pixel Phase I Upgrade module (middle) under
test in the HIP probe station.

3.4

Tools Used in this Work

This section brieﬂy describes the principles and relations required to follow this work. All these principles are well-known
and are discussed in depth by various sources in the literature.

3.4.1

Nuclear Reactions Required for the Modiﬁed
BNCT-SPECT Method

The nuclear reaction on which BNCT-SPECT is based on, is the
BNC reaction 10 B(n,α)7 Li. A thermalized neutron (En ≤ 25 meV)
is captured by a 10 B atom, followed by the release of an
α particle and an excited 7 Li atom. This occurs with 94% probability. The relaxation process of the 7 Li atom takes place quickly
(∼ 10−13 s) under the release of a PG photon of the energy
of 477.59 keV (IAEA, 2007; Knoll, 2010). The nuclear capture
process ends with a 6% probability directly in the ground state
of the 7 Li atom. The neutron capture cross section (σ [b]) of 10 B
is with 3843 b comparably large at thermal energies (Chadwick
et al., 2011), while most of the other isotopes possess a neutron
capture cross section in the scale of 10 b or less.
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Equally important for this work is the nuclear reaction that
occurs if a thermalized neutron is captured by a 113 Cd atom of
the detector. This transmutes the 113 Cd atom into an excited
114 Cd atom, which relaxes under the release of a PG photon
or conversion electrons of 558.46 keV, within ∼ 10−12 s (Casten
et al., 1992). The PG photon is released with a probability
of 74.4% (NNDC et al., 2017). This is the CdNC reaction
113 Cd(n,γ)114 Cd.
The probability that a thermal neutron is
captured is very large (20609 b) at thermal energies (Koning
et al., 2012). A CdTe detector made of natural Cd and Te
possesses about 6.11% 113 Cd in its volume. The large neutron
capture cross section and detector thicknesses of 1 mm or larger
allow a near total absorption of all thermal neutrons reaching
the detector. The PG photons released from the capture process
are captured with approximately 66% probability in the same
detector volume. Due to the production and capture of the PG
photons in the same medium and the short travel distances,
a virtually undistorted signal (e.g. by Doppler-broadening)
can be observed. This leads to sharp and clear peaks in the
spectrum that can easily be identiﬁed with known PG emissions
from the CdNC process.

3.4.2

Data Analysis

All raw data obtained from the CdTe spectrometer, such as presented in Figure 4.1, have been ﬁltered with a moving average
ﬁlter to compensate for noise and statistical ﬂuctuation. Additionally, a baseline correction is performed to compensate the
lower attenuation efﬁciency of higher energy photons. Finally,
besides Figure 4.1, all spectra are plotted within an energy window of 440 - 590 keV, which is the window of interest for the proposed modiﬁed method of BNCT-SPECT. The measurement error of the spectrometer is based on an estimation of the detector
response to the calibration sources. A small error is observed
for larger count numbers (> 50). This error increases linearly for
peaks with count numbers close to the background level (< 10).
The uncertainty of the simulations is the statistical relative
error (with conﬁdence level of 1 standard deviation) provided
by the MCNP results and is  5% for the BNC and approximately 1% for the CdNC reaction. Higher accuracy would have
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required the extension of the simulation time beyond reasonable length. Furthermore, all simulated results have also been
smeared with the energy resolution measured for the CdTe detector and were plotted in the same energy windows of interest
as the measured data.
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Results and Discussion
4.1

Proof of Concept of the Modiﬁed BNCTSPECT Method

In this section, the usability of modern CdTe spectrometers for
BNCT-SPECT and a proof of concept for the proposed method
is presented. The evaluation of modern CdTe spectrometers in
gamma and neutron radiation ﬁelds is done with a focus on the
evaluation of adequacy of the energy resolution and sensitivity
of the detector for BNCT-SPECT. In addition, the ability to detect
the signals from both BNC and CdNC reactions is studied. The
results of these discussions are presented brieﬂy here, a more
detailed analysis can be reviewed in Publication I.

4.1.1

Sensitivity and Energy Resolution

The raw spectrum obtained from the CdTe spectrometer, with
the Phantom Setup and in the neutron ﬁeld of the FiR1, is presented in Figure 4.1. The presence of distinct peaks is an evident sign of a sufﬁcient energy resolution for BNCT-SPECT. The
most important peaks are marked (from left to right) in Figure 4.1 and in Table 4.1. The energy resolution at the largest
peak (# 5) is 4% (22 keV), which is equal to resolution required
by Valda et al. (2005) and below the minimum of 33 keV that
was estimated by Murata et al. (2014). The difference between
the centroids of peaks # 5 and 6 is with 19.62 keV the smallest
difference between all the peaks in the area of interest. It is with
≈ 4% also within the requirement for the energy resolution set
by Valda et al. (2005). In addition, peak # 5 and 6 can clearly
be distinguished from each other in Figure 4.1. Therefore, CdTe
spectrometers of the present technological level possess a high
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F IGURE 4.1: Raw spectrum of the Phantom setup recorded with an
epithermal neutron ﬂux of 1.07 · 107 n/cm2 s for 15 min. The important
peaks for this work are marked with their energies.

enough energy resolution for their usage in BNCT-SPECT. Furthermore, the presence of the discrete peaks # 2*, 4 - 7 proves that
it is possible to deﬁne neutrons as a signal and not as background with this detector. Hence, it can be used for simultaneous gamma and neutron detection.
The spectrum of Figure 4.1 has been obtained with 1% reactor power, which relates to a epithermal neutron ﬂux of 1.07 · 107
n/cm2 s, at an accumulation time of 15 minutes. This ﬂux produced a well pronounced spectrum with sufﬁcient statistics to
clearly identify the peaks and their energy. Shorter accumulation time (approximately 1/10 length), or lower reactor power
are still likely to produce sufﬁciently large peaks. Hence, the
spectrometer is sensitive enough for the desired purpose.

4.1.2

Signals from Boron Neutron Capture and
Cadmium Neutron Capture Reactions

The signal from the BNC reaction is the most essential information for BNCT-SPECT, while the signal from the CdNC reaction
is additionally important for the proposed modiﬁcation of the
method. Both signals can be measured if a reference situation
without boron is available. The raw spectrum of Figure 4.1 that
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TABLE 4.1: Peaks, corresponding energies and relative production
yields (rel. yld.) marked in the spectrum of Figure 4.1.

Peak #

Energy
[keV]

1
2
2*
3
4
5
6
7

380.00
477.59
477.60
511.00
535.26
558.46
578.08
651.26

Description
Compton edge
BNC PG (main emis. 94% rel. yld.)
CdNC PG (minor emis. ≤ 1% rel. yld.)
Annihilation peak
Cd, Te sgl. escape (strg. 5% rel. yld.)
CdNC PG (main emis. 100% rel. yld.)
CdNC PG (minor emis. 6% rel. yld.)
CdNC PG (minor emis. 19% rel yld.)

has been taken with the Phantom setup can be considered as
such a reference situation. During the actual therapy, this information could be obtained by illuminating (low neutron ﬂux of
≤ 107 n/ cm2 s) the patient for some time, before the boron agent
boronophenylalanine (BPA) is administered. The accumulated
additional patient dose at these ﬂuxes is < 1% and thus, can be
considered negligible. Spectra that are obtained after the boron
agent has been given contain the desired information. The difference between both spectra reveals the signal that is produced
by the 10 B. This difference can be used to calculate the 10 B concentration and location within the phantom (patient).
The Tumor setup is obtained by placing a boronated target
(2100 μg/g of 10 B) into the phantom. This represents the administration of the boron agent to the patient. The spectrum
obtained from this setup is compared to the Phantom setup and
is plotted in Figure 4.2. The difference between both spectra is
emphasized with a shaded area. The peak from the CdNC reaction is decreased by approximately 2200 counts and the peak
from the BNC reaction is increased by about 900 counts, if 10 B
is present in the phantom. The peak details are listed in Table 4.2 for comparison. As described in Section 1.2, the signal
from the CdNC is larger than the BNC signal, as the number
of neutrons that pass through the patient is substantially larger
than the number of neutrons that are captured by the 10 B. This
is the reason why the CdNC signal can be detected easier and

30

Chapter 4. Results and Discussion

F IGURE 4.2: Comparison spectrum of the Phantom and Tumor setups.
The difference (shaded area) at the BNC and CdNC reaction peaks is
clearly visible, if 10 B is present in the phantom.

has a larger SNR with less statistical ﬂuctuation. Therefore, the
measurement of the CdNC signal is more accurate than the measurement of the BNC signal. This opens the possibility for more
accurate patient dose calculations. Additionally, the CdNC signal from the Phantom setup is larger than the CdNC signal from
the Tumor setup, which proves that less neutrons are scattered
towards the detector if 10 B is present in the phantom. The opposite situation is observed for the BNC reaction peak, which
increases, if 10 B is present in the phantom.
The presence of a peak at the BNC reaction energy, even
though 10 B is not present in the Phantom setup, is no contradiction. The peak # 2*, at the energy of approximately 480 keV,
shown in Figure 4.2, originates from several minor PG emissions
of the CdNC reaction (NNDC et al., 2017). The strongest emission is at 477.60 keV, which is almost exactly at the same location
as the PG peak from the BNC reaction itself (477.59 keV). The intensities of these minor CdNC emissions are ≤ 1% compared to
the main PG emission at 558.46 keV, but are signiﬁcant (≈ 50%)
compared to the number of detected BNC reaction events. These
additional PG emissions are, however, always present if a CdTe
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TABLE 4.2: Comparison of peak heights (in counts), energy resolutions (ΔE in keV) and peak height differences (Δ in counts) of the BNC
and CdNC reaction peaks, presented in the spectrum of Figure 4.2.

BNC
ΔEBN C
CdNC
ΔECdN C
ΔBN C
ΔCdN C

Phantom

Tumor

876
3.10 ± 0.04
22148
13.10 ± 0.17

1780
0.90 ± 0.02
19944
10.50 ± 0.20
+ 904
- 2204

spectrometer is used in a neutron ﬁeld. Therefore, these emissions are added towards the systematic background of the proposed method.
The sufﬁcient energy resolution, the sensitivity and the ability to detect both BNC and CdNC reaction peaks demonstrate
the feasibility of the proposed approach for BNCT-SPECT, because it is possible to detect signals from both gamma and neutron radiation ﬁelds. The difference between the two setups is
clearly visible and the sensitivity of the detector for low neutron ﬂuxes (compared to the therapy) is sufﬁciently high for the
proposed modiﬁed method for BNCT-SPECT to be formulated.

4.2

Simulations and Method Speciﬁc
Properties

This section focuses on discussion of the simulations that are required to verify the data measured with the CdTe detector and
explains how to obtain such simulations. The discussion is extended to some speciﬁc properties of the modiﬁed BNCT-SPECT
method.

4.2.1

Simulations

A pulse height response spectrum of the Tumor setup has been
simulated (Figure 4.3) in order to obtain a spectrum similar to
the one that was measured. The standard MCNP nuclear data
library ENDL92 (Los Alamos National Laboratory, 2004) and
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the tally F8 were used. The PG peak from the BNC reaction
at 478 keV, which is most important for BNCT SPECT, is present
in all spectra, but underestimated compared to the measured
peak. In addition, the PG peaks from the CdNC reaction are
completely missing from the simulated spectra. Yet, these were
measured simultaneously with the rest of the gamma spectrum,
as the indicated by the graph CdTe, (measured) of Figure 4.3. The
reason for the missing PG peaks from the CdNC reaction is that
MCNP5 in version 1.4 is not simulating the energy deposition
of neutrons with the F8 tally. In addition, simultaneous simulations of the photo and neutron spectra are not possible. Hence,
the F8 tally cannot reproduce the PG photons that occur as a
result of neutron capture within the detector.
Since the pulse height spectrum of CdTe detectors in a neutron ﬁeld can not be simulated correctly, a detour via tally F4 is
investigated. The F4 tally is deﬁned as the ﬂux over the detec-

10

4

V

CdTe, (measured)
CdTe, (simulated) F8 tally, ENDL92
Ge, (simulated) F8 tally, ENDL92

5)

8
55

ke

Counts

V

8

7
)4

103

10

V
ke

2

3)

1

51

V
ke

4)

5
53

ke

V

6)

8
57

ke

2

101
440

460

480

500

520

540

560

580

Energy [keV]
F IGURE 4.3: Example of simulated PG spectra of CdTe and Ge detectors for the Tumor setup, simulated with the ENDL92 library and tally
F8. The peaks from the CdNC reaction (# 4 - 6) are completely missing
and the BNC peak (# 2) is underestimated, compared to the measured
spectrum. The peak numbers refer to Table 4.1.

tor volume. This is in principle the number of net photons that
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will enter the detectors volume, sorted by energy. The ﬂux includes the PG photons produced from neutrons in the detector
volume, hence covers simultaneous photon and neutron spectra. This also introduces some drawbacks. For example, the
F4 tally may also include photons that leave the detector volume before being detected. Furthermore, a simulated detector
will convert every electron-hole pair that is created by a photon into a readable signal, whilst this process is less efﬁcient in
a real detector. The simulations can not account for crystallographic imperfections in the detector, electrode materials and
software settings of the readout electronics, which all reduce the
number of detected events by real detectors. These drawbacks
result in simulated peak heights that are approximately 11 - 13
times larger than the peaks of the measured spectra. However,
these larger peak heights can be corrected by normalizing e.g.
the PG peak from the CdNC reaction of the simulation to the
same peak of the measured data. This peak is chosen, because
it is the largest in the region of interest (440 - 590 keV). Consequently, it has the smallest statistical uncertainty. Nevertheless,
any other peak can also be used for this normalization.
To obtain successful simulations of spectra recorded with
CdTe detectors in a neutron ﬁeld, one also has to choose an appropriate nuclear data library. Particular attention should be put
into the completeness and correctness of the gamma production
tables for the isotopes simulated. MCNP uses these tables to
generate gamma photons and their probability as results of the
nuclear processes that were simulated. If a correct nuclear data
library — like TENDL-2008-ACE (Koning et al., 2008; OECD,
2017) — is used and a normalization applied as described above,
then simulated spectra such as presented in Figure 4.4 can be
obtained. A detailed discussion of this topic can be found in
Publication II. The marked peaks correspond to peak numbers
2 - 6 from Table 4.1. The escape peaks (with 5%, 1.5%, 1.5% and
0.4% yield, respectively) were not simulated, as this functionality is not included in the F4 tally. Nevertheless, the simulations
based on the tally F4 clearly represent the measured data better
than the simulations based on the F8 tally (Figure 4.3). Thus, a
method to simulate a measured spectrum of CdTe detectors in a
neutron ﬁeld has been identiﬁed.
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F IGURE 4.4: Simulated PG spectrum of the same conﬁguration as in
Figure 4.3, but with tally F4 and the TENDL-2008-ACE library. Besides peak # 4, all the relevant peaks are present (see the text for a
discussion). Peak numbers refer to Table 4.1.

Simulation of the Measured Data
Spectra that allow a comparison between Phantom and Tumor
setups can be obtained, if the method above is applied. The
resulting simulated spectra are compared to the measured
spectra in Figure A.1a on page 54. This ﬁgure shows that the
graphs of the simulations represent the measured situation
adequately. The BNC reaction peak is larger if 10 B is present
in the phantom (Tumor setup) and simultaneously the CdNC
reaction peak is smaller. On the other hand, if 10 B is not present
(Phantom setup), then the peak height of the BNC reaction
peak is decreased, while simultaneously the peak of the CdNC
reaction is increased. Figures A.1b and A.1c are closeups of the
BNC and CdNC reaction peaks, respectively.
The spectra presented in Figure A.1a - c show that it is possible to simulate measured spectra appropriately, as they would
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occur in the proposed modiﬁed BNCT-SPECT method. Therefore, veriﬁcation of treatment data and more important prediction of patient doses become possible.

4.2.2

Method Speciﬁc Properties

In order to measure spectra from CdTe detectors, as presented
e.g. in Figures 4.1 – 4.4, certain requirements for the detector
size must be fulﬁlled. These spectra can only be obtained if
the detector volume and especially its thickness are small compared to typical Ge detectors (>50 cm3 ). A CdTe cube of 1 cm
side length (1 cm3 ), will already produce a spectrum with less
energy resolution and a substantially larger annihilation peak,
compared to the spectra presented in Figures 4.2 – 4.4. Photons
of higher energy, like the 2.2 MeV photons from the 1 H(n,γ)2 D
reaction will be captured with signiﬁcant efﬁciency, which adds
more peaks to the spectrum. Annihilation and escape events induced by these photons can create additional smaller peaks that
might interfere with peaks of interests (e.g. the BNC reactions
peak). Furthermore, it can be more challenging to design read
out and bias electronics for the detector. Last, the raw material
price of cubes of CdTe of 1 cm length is considerably larger than
for square detectors of 1 cm length and only 1 mm thickness. In
terms of these disadvantages, thicknesses of 1 - 5 mm are a good
compromise.
Thin detectors on the other hand, have the advantage of being cheaper and easier to handle for the readout electronics.
Moreover, these detectors are nearly transparent for high energy photons such as the ones from the 1 H(n,γ)2 D reaction. This
allows lighter device structures, as less shielding is required.
Additionally, the detectors life time is prolonged due to less induced radiation damage. Thin detectors (approximately 1 mm)
also reduce the energy range of the spectrum to a maximum of
about 800 keV, which is sufﬁcient for the energy range of interest
(400 - 600 keV) of the proposed modiﬁed BNCT-SPECT method.

4.3

Usability for Treatment Conditions

The previous section discussed the topic of data veriﬁcation by
means of simulations. Based on these, the usability of the proposed modiﬁcation for BNCT-SPECT is discussed in this section.
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A potential method to localize a boronated target, utilizing either of the two nuclear reactions is presented together with further simulations. In addition, an evaluation of the SNR and the
dependency of the signals to the 10 B concentrations are made.
All the ﬁgures of this section that consist of 2 subﬁgures show
the results from the BNC reaction on the top half of the ﬁgure,
while the results of the CdNC reaction are presented on bottom
half of the ﬁgure.

4.3.1

Scan Along the Depth Axis of the Phantom

The ﬁrst veriﬁcation of the usability has been done by measuring spectra at 4 different positions along the depth axis of the
phantom. These 4 positions are approximating a line detector
of 4 pixels. The results of the measurements and corresponding
simulations are presented in Figure 4.5.
The difference between the setups (Phantom and Tumor) of
the BNC reaction peak at step 1 (depth = 45 mm) is 11 counts
(Figure 4.5, top). The BNC reaction peaks from both setups
can clearly be distinguished from each other, which indicates
that the target is present in this area. This difference decreases
with increasing distance along the phantom depth. Outside the
target area (depth ≥ 95 mm) a count drop following an inverse
square function (ﬁtted graphs of Figure 4.5) is measured. Using
the ﬁtted graphs, a decrease of 21 counts for the Tumor Setup
is measured, compared to the position at 45 mm, whilst the
counts of the (ﬁtted) Phantom Setup are reduced by 17 counts
at this position. The signal from the boronated target therefore
has a difference of 4 counts. The measurement at 95 mm depth
of the Phantom Setup has higher counts than expected and it
can not be completely ruled out that this measurement point
is an outliner due to unknown processes in the experiment.
Therefore, the values of the ﬁtted graphs have been used for
the calculations of the signal difference at this location. For the
CdNC reaction a similar, but inverted situation can be observed
(bottom of Figure 4.5). The CdNC reaction peak height of the
Phantom setup is larger than the same peak of the Tumor setup,
as more neutrons reach the detector. A difference between both
setups can be observed at step 1. For steps 2 - 4, this difference
gradually decreases, suggesting that no target is present at these
steps. The decrease in counts is less abrupt as they were for
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F IGURE 4.5: PG peak heights of the BNC- (top) and CdNC- (bottom) reactions peaks for different positions along the depth axis of
the phantom.

the PG photons from the BNC reaction, because the neutrons
are not affected by the lead collimator of the detector. Apart
from the outliner at depth = 95 mm, the simulations of these experiments support our ﬁndings. The count difference between
both setups is also at step 1 the largest for the simulations. This
applies equally for both reaction types. The SNR of the CdNC
reaction is at the target position approximately 7.1, while it
is only 1.4 for the BNC reaction. In addition, the SNR drops
down to approximately unity (1) at positions 2 - 4 for the BNC
reaction, whilst it is always larger than 1 for the CdNC reaction.
This further supports the assumption that the SNR of the CdNC
reaction is superior to that of the BNC reaction, if the CdNC
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reaction is used as a signal. A detailed discussion of all aspects
of Figure 4.5 can be found in Publication III.

4.3.2

Virtual Line Detector

Clear signal differences in the spectrum can be measured with
only 4 locations along the depth axis of the phantom, however
higher spatial resolution is required to locate the target. For this
reason, a line detector consisting of 42 pixels separated by lead
collimators was simulated for the Phantom and Tumor setups.
The resulting spectra are presented in Figure 4.6. The location of
the boronated target and the end of the phantom are indicated
in the Figure, as well as the measured data that was described
in the section above. The ﬁrst data point of the 4 step scan is approximately located at pixel number 8, when counting from the
beginning of the depth axis. The differences in counts between
the Phantom and Tumor setups are clearly visible for both reaction types. Especially, the signal from the BNC reaction beneﬁts
from the inter-pixel collimators, as the area of elevated counts
from the Tumor Setup is placed in the area of the actual target location. This already allows a coarse localization between
10 - 70 mm along the depth axis of the phantom. The SNRs of
both Phantom and Tumor Setups of the BNC reaction reach the
noise level (SNR = 1) at about 100 mm depth. The CdNC reaction reaches this level at a depth value of 200 mm. A clear separation between the counts of the Phantom and Tumor Setup
of the CdNC reaction is also visible. However, a coarse localization is not easily possible due to the gradual decrease of the
count difference of the Phantom and Tumor setup.
Target Localization
A localization of the target from a data set such as the one of
Figure 4.6 can be performed by applying the algorithm below.
Whereas, the algorithm of Equation 4.1 is a naïve example to
indicate the similar treatment of the photons and neutrons by
the algorithm. The ﬁelds of inverse mathematics (e.g. Mueller
et al., 2012) and statistical signal processing (e.g. Särkkä, 2013)
offer more sophisticated methods. Essentially, the algorithm L
takes the second derivative of the absolute count difference, that
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F IGURE 4.6: PG peak heights of the BNC- (top) and CdNC (bottom)
reactions measured by a simulated line detector with 42 segments of
3 x 3 x 1 mm3 along the depth axis of the phantom. Each pixel was
simulated with a 22 mm collimator and 3 mm of lead spacing.

is obtained when subtracting the results from the Tumor and
Phantom Setups.
L(n) =

d2

d2counts



|Phantom − Tumor|


(4.1)

Here n indicates the n-th simulated detector element (pixel)
along the line detector. The target identiﬁcation is performed
by choosing the detector element located before the global minimum of L as the starting point of the target. While the detector
element before the global maximum of L identiﬁes the end of the
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target. The results from this calculation are shown in Table 4.3
(top) on page 45 and in Figure 4.7. The target location is marked
with a shaded gray area and the detector elements that indicate the beginning and end of the target are marked with a bold
line. The relative uncertainty of L is dependent on the detector element being evaluated and is the sum of the corresponding uncertainties obtained from the simulations of the Phantom
and Tumour Setups. The uncertainties are plotted as errorbars
in Figure 4.7. The largest error is 1.9% and < 0.3% for the BNC
and CdNC reactions, respectively. The spatial uncertainty of L is
dominated by the pixel size, a value of ± 1.5 mm is assumed for
all pixels. The algorithm L allows the localization of the target
at (20 - 56 ± 1.5) mm depth of the phantom based on the BNC reaction (asterisk markers) and at (8 - 116 ± 1.5) mm depth based
on the CdNC reaction (diamond markers). Especially, the results based on the BNC reaction are in good agreement with the
real location of the target, which was simulated at (19 - 57) mm
depth. The localization based on the CdNC reaction is less accurate, however, possible even with this naïve approach. Thus,

F IGURE 4.7: Visualization of the localization function L as described
in Section 4.3.2. For the BNC reaction (asterisk markers), the target
location coincidences with the detector element before the global minimum and maximum of L. For the CdNC reaction (diamond markers),
the localization is less accurate.

an approximate target localization, based solely on the neutrons
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that pass through the phantom (patient) is feasible. The accuracy can be increased by taking neutron scatter effects into consideration when evaluating the CdNC signal (Hassanein et al.,
2005). Even though the presented simple target localization that
is based on the CdNC reaction does not provide additional accuracy compared to the localization based on the BNC reaction, it
can still be used for the purpose of validation. A combination of
both localization results might also improve the accuracy. Additionally, a redundant validation source will become increasingly
important at the 10 B concentration levels that are actually used
during BNCT. The results presented up to this point were obtained with a high 10 B concentration target of 2100 μg/g, while
treatment levels are substantially lower (approximately 1/40), as
will be discussed next.

4.3.3

Lower Concentrations of 10 B

Further reactor tests and simulations were performed, to answer
the question if lower 10 B concentrations can still be detected
with modern CdTe spectrometers. A boric acid phial containing
400 μg/g of 10 B was employed as a target. The corresponding
results are presented in Figure 4.8 and are comparable to the 4
step scan along the depth axis obtained with the high concentration target.
After correction of the simulated data, results close to the
expected and measured values were obtained (details in Publication III). The concentration of 400 μg/g 10 B in the B-water
phial is 81% smaller than the 10 B concentration in the PE target
(2100 μg/g) of the Tumor setup. Therefore, a BNC reaction signal from the B-water setups that is 81% smaller than the signal
from the Tumor setup is expected, simulated and measured. In
case of the BNC reaction with the boronated target, this relates
to a net signal of 2 counts, at 58 counts. For the CdNC reaction
the 81% signal reduction results in an increase of 22 counts, at
253 counts. Both compared to the signals that are obtained with
the high boron concentration target that is used in the Tumor
Setup. Both the measured and simulated data match these expectations well. For the BNC and CdNC reaction 59 counts and
253 counts are obtained. The SNR of the BNC and CdNC reactions at 95 mm depth (length of the boric acid phial) is 1.3 and
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F IGURE 4.8: PG peak heights of the BNC- (top) and CdNC (bottom)
reactions for different positions along the depth axis of the phantom.
The counts from the B-water phial (400 μg/g 10 B) are located between
the Tumor (2100 μg/g 10 B) and Phantom setups.

4.6, respectively. Additional accuracy can be obtained by applying further corrections as described in Publication III. Supplementary discussions of the remaining measurement positions of
the B-water setup are also done in Publication III. Either-way,
400 μg/g of 10 B lie well within the range of sensitivity of the detector and the signal strength can be predicted accurately.
The typical real treatment concentration of 10 B however are
still smaller in BNCT. Concentrations up to about 50 μg/g have
been reported (Coderre et al., 1998). In order to determine
if these realistic low concentrations can still be detected with
modern CdTe spectrometers, further simulations of the B-water
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setup were performed. The results of these simulations suggest
that 10 B concentrations of < 5 μg/g can still be detected with the
proposed approach. The details of this discussion can also be
found in Publication III.

4.3.4

Simulations with Realistic Boron Target
Concentrations and Boron Background in the
Phantom

The experiment of Section 4.3.2 was repeated, to investigate if it
is possible to detect realistic concentrations of 10 B with the line
detector. A target concentration of 52.5 μg/g 10 B and additional
of 15 μg/g 10 B, homogeneously distributed in the phantom were
simulated. This represents a boron concentrations of 3.5:1 for
tumor and healthy tissue as described by Kankaanranta et al.
(2012). The through L determined difference (B-water phial mi-

F IGURE 4.9: Simulated PG peak height differences from the BNC- (asterisk markers) and CdNC- (diamond markers) reactions for 52.5 μg/g
10
B in the B-water target and 15 μg/g 10 B in the phantom, representing a tumor to tissue boron ratio of 3.5:1. Localization is still possible
for both reactions.

nus pure water target) is presented in Figure 4.9 and is with < 1
and with < 0.1% uncertainty, small for both reaction types. Nevertheless, a difference can still be identiﬁed. A localization of the
target was attempted based on algorithm L of Section 4.3.2. The
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detector segments that identify the beginning and end of the target are indicated. A localization based on the BNC reaction succeeds, despite the small difference of 0.05 provided by L. The target is located at a calculated phantom depth of (8 - 86 ± 1.5) mm,
while the real target location is modeled from (19 - 57) mm, i.e.,
the shaded gray area of Figure 4.9. This is a lower accuracy compared to the high concentration target and is expected due to the
small signal difference. The ﬂattened incline of the L function in
Figure 4.9 represents this lower signal difference. It also shows
that the differences of the BNC reaction are close to the detection limit as the global maximum of L is not signiﬁcantly larger
than the rest of the graph. Therefore, an additional target localization and/ or conﬁrmation is desirable. The difference from
the CdNC reaction on the other hand is larger (0.7, < 0.1% uncertainty), which also allows a successful localization based on
this reaction type. The beginning of the target is calculated to
be at (8 ± 1.5) mm and the end at (98 ± 1.5) mm. All results are
listed in Table 4.3 (bottom). Again the CdNC results are less
accurate than the location obtained with the BNC reaction, as
the neutrons are not affected by the lead collimator of the detector. However, the minimum and maximum of the L function
are more distinct, which shows that the difference of the CdNC
signal is larger. Thus, it is easier to detect. Dedicated neutron
localization algorithms are required for better results.
These results show that a potential target localization by using the BNC or the CdNC signal alone is also possible at realistic 10 B concentration levels in tumor and the surrounding
healthy tissues (10 B concentration ratio of tumor to healthy tissue of 3.5:1), if modern CdTe spectrometers are used. The results
also show that the information of the neutrons that pass through
the patient can be used to locate, or conﬁrm the location of a tumor. This is especially important under treatment conditions
and at smaller SNRs, because the localization based on the BNC
reaction of the realistic target is signiﬁcantly less accurate than
the localization obtained with the high concentration target that
was used in Section 4.3.2.
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TABLE 4.3: Calculated localization of a 2100μg/ g 10 B target inside a
phantom (top) and for a boric acid in water target of 52.5μg/ g 10 B
inside a phantom with 15μg/ g 10 B concentration (bottom). The localization is calculated with the algorithm 4.1. All numbers are in mm.

BNC
(2100μg/g 10 B)
CdNC
(2100μg/g 10 B)
BNC
(52.5μg/g 10 B)
CdNC
(52.5μg/g 10 B)
Actual target
location

4.4

Beginning
between
pixels
located at

Average
location

End
between
pixels
located at

17 – 23

20 ± 1.5

53 – 59

56 ± 1.5

5 – 11

8 ± 1.5

113 – 119

116 ± 1.5

5 – 11

8 ± 1.5

83 – 89

86 ± 1.5

5 – 11

8 ± 1.5

95 – 101

98 ± 1.5

19

Average
location
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Testing of the GaAs diodes

In order to measure the TCT signal from the GaAs diodes, the
corresponding setup, required improvements to reduce the electrical noise interference. Several sources of noise were identiﬁed for this setup. First, a large opening acting as a cable feed
through. Second, the preampliﬁer was not on the same electrical ground level as the metal enclosure. Last, the signal cable
connecting the GaAs diode and the preampliﬁer had a length
of about 40 cm. Especially, the last issue is of importance as
Ohmic losses and electrical interference (cable acting as an antenna) can reduce the signal amplitude below the noise level.
These sources of noise were eliminated by the closing the Faraday cage with conductive tape, electrically connecting the chassis of the preampliﬁer to the metal Faraday cage and reducing
the detector – preampliﬁer cable length to 10 cm. After elimination of these noise sources, the data presented in Publication IV
were collected.
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Several GaAs diodes and detectors were produced into radiation detectors for Publication IV. These can also be operated in PC mode, assuming appropriate readout electronics are
used (Wu et al., 2014). However, due to the lower absorption efﬁciency of GaAs compared to CdTe, larger detector thicknesses
are required for effective usage in medical applications. In order to achieve a similar absorption efﬁciency as 1 mm CdTe at
100 keV X-ray energy, a GaAs crystal of 15 mm thickness is required. The produced prototypes on the other hand, were only
110 and 130 μm thick. Thus, the resulting detector’s efﬁciency is
too low for use in most medical applications including BNCTSPECT. Larger thicknesses require further optimization of the
custom-made CVPE method, in order to reduce intrinsic stresses
and wafer bowing (Wu et al., 2015). Hence, a more matured detector production process is required. The application in the soft
X-ray range (≤ 33 keV) as used in mammography, might however still be feasible. For these applications, GaAs could be a viable solution, as production costs for large panel detectors (typical mammography imaging cassettes are 24 x 30 cm2 ) are likely
to be lower than for CdTe detectors.

4.5

Testing of the CMS Pixel Phase I Upgrade
Readout Chip

HIP constructed 250 of the 672 sensor modules required for the
pixel Phase I Upgrade of the CMS tracker at the LHC. Each module consists of 16 ROCs, with each one required to pass dedicated electrical and noise tests. These were described in the corresponding technical design report (Dominguez et al., 2012). A
probe-station with a custom made probe card is required to establish temporary electrical connection to the ROCs and to conduct the module tests. It is essential that Both the probe station
and -card are operated in a low noise environment. Thus, extensive efforts were undertaken to identify the sources of the
electrical noise and their reduction. Such noise sources are system speciﬁc and therefore require individual solutions for every
device and location.
Two large sources of noise were identiﬁed. First, an incomplete Faraday cage of the probe-station and second, electrical
noise induced by surrounding devices through the power grid.

4.5. Testing of the CMS Pixel Phase I Upgrade Readout Chip 47

Counts

These sources were eliminated by reinforcing and adding additional electrical connections to each component of the probestation housing and thus closing the Farraday cage. The second
noise source was eliminated by adding an isolation transformer
to the power line of the measurement devices.
The CMS module testing was performed after successful reduction of the noise. More than 1000 ROCs have been tested for
their functionality. These tests revealed the additional PC operation mode that was intended as a debug function during the
design phase of the ROC. This mode was tested by irradiating
one CMS pixel Phase I Upgrade module with an 241 Am source.
The obtained spectrum is presented in Figure 4.10.
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F IGURE 4.10: An 241 Am spectrum recorded with a CMS pixel Phase I
Upgrade module. The main photopeak at 59.54 keV is indicated. The
detector is a 300 μm Si detector, ﬂip chip bonded to a CMS ROC.

The main photopeak of the 241 Am source is dominating the
spectrum at 59.54 keV. The energy resolution is approximately
17%, which is only a fraction of values achieved by standard SiPIN detectors (Amptek Inc., 2017). A direct comparison however, should be made with caution, because standard Si-PIN
diodes are designed as cylindrical volumes similar to Ge detectors and not as 300 μm thin tiles. Thus, only a qualitative comparison is possible.
Nevertheless, testing the CMS pixel Phase I Upgrade modules revealed that the employed ROC is a suitable candidate for
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PC operation in medical applications. In combinations with a
CdTe detecting element, these ROC are a suitable option for a
2D detector array that can be used in BNCT-SPECT. Therefore,
HIP started to investigate if PC detectors based on CdTe and
CMS ROCs can be produced. The processes required for the
production of electrodes on the CdTe crystals and to ﬂip chip
bond these to the ROCs, were developed by HIP and Advacam
Oy at Micronova (Espoo, Finland). The prototype presented in
Figure 3.5 on page 19 is a result of these efforts. The evaluation
of this prototype has been set for future work.
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Conclusions and Future
Work
The ﬁrst major task of this work was to test the suitability of
a modern, PC CdTe spectrometer for BNCT. It was found that
the detector is highly sensitive and produces good signal statistics, even at neutron ﬂuxes as low as 1% of the values that are
used during the treatment. Furthermore, the energy resolution
of the detector is good enough to allow the identiﬁcation of
the photo peaks relevant for the proposed modiﬁed method of
BNCT-SPECT. Additionally, it was veriﬁed that both the BNC
and CdNC reactions are dependent on the presence of 10 B in the
phantom (Publication I). These results led to the formulation of
the proposed modiﬁcation of the BNCT-SPECT (Section 1.2).
After the principle of the proposed method had been shown,
the topic of veriﬁcation by means of simulations was addressed
(Publication II). It was found that simulations of the pulse height
response spectra (tally F8 in MCNP code) for CdTe detectors in
neutron ﬁelds did not reproduce the measured data. An investigation of this topic revealed that the PG peaks from the CdNC
reaction are missing in standard nuclear libraries. A secondary
cause was found to be a restriction of the employed version of
MCNP5 version 1.4, which does not allow the simulation of response spectra, if photon and neutrons ﬁelds are simulated simultaneously. This situation was resolved by using a combination of an alternative output tally (F4 instead of F8), a speciﬁc
nuclear library (TENDL-2008-ACE; Koning et al., 2008) and normalization of the received results to measured data. This combination allowed veriﬁcations of the measured data that were
presented in Publication I.
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After both, the proof of the concept and the numerical veriﬁcation of the proposed modiﬁcation to BNCT-SPECT were achieved, an evaluation of a closer-to-treatment situation was performed. The primary task was to assess if the boronated target
of a high 10 B concentration (2100 μg/g) can be localized in the
cylindrical phantom. A 4-point scan along the central axis of
a phantom was performed, coarsely localizing the target with
both reaction types. Based on these results, a line detector consisting of 42 CdTe pixels was simulated and a target localization
was performed using the signal from either reaction type. The
most accurate results were received with the information of the
BNC reaction, whilst the CdNC reaction results were less accurate, but still allowed successful localization. Nevertheless,
the signal from the BNC reaction suffered from low SNR values,
just as previous BNCT-SPECT attempts had suffered. The signal
from the CdNC reaction on the other hand, showed up to ﬁve
times larger SNR values, which allowed better distinction from
the background.
Further experiments conﬁrmed that the modern CdTe sectrometer is capable of detecting signals from a target of approximately 80% lower 10 B concentration. Supplementary simulations suggest that realistic target treatment concentrations of
≈ 50 μg/g 10 B can also be detected. Therefore, additional simulations were performed to investigate if the signals of a realistic treatment concentration are still detectable. These concentrations were 52.5 μg/g 10 B in the target and an additional 15 μg/g
of 10 B homogeneously distributed in the phantom. A localization of the target was possible for both reaction types. However,
the location obtained through the BNC reaction was substantially less accurate so that conﬁrmation through the CdNC reaction is required (Publication III).
The results suggest that improvements in target localization
can be achieved if the detector area is increased, which allows
the detection of more events from the BNC reaction. Additionally, neutron collimators and dedicated localization algorithms
for each reaction type are likely to contribute further improvements. A 2D detector array will also allow image reconstruction
in three dimensions.
The reduction of electrical noise for the TCT setup at HIP
was successfully achieved, allowing the measurement of small
signal amplitudes. The feasibility of GaAs detector for medical
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applications was discussed with the result that these materials
might be an option for soft X-ray applications, assuming thicker
detectors can be produced.
Finally, a measurement setup to test the detector modules
for the CMS pixel Phase I Upgrade -project was installed and
tested at the clean room facilities of HIP. The test setup was
thoroughly adjusted to reduce the electrical noise background
and allow high precision measurements. Over a thousand CMS
ROCs have been tested and their functionality was evaluated.
This allowed a deeper understanding of the chip and its possible
usage as a PC detector in medical applications. A prototype of a
CdTe element on a CMS ROC has been build by the CMS group
of HIP. An evaluation of the prototype and its performance is set
for future studies.

Research Conclusion
The main goal of this thesis was to investigate novel detector
technologies for medical applications. The next step in medical imaging and therapy, is the employment of PC detectors.
These kinds of detectors allow the acquisition of spectra of the
applied radiation for each pixel of the detector. Whilst the majority of currently used detectors record the intensity only. The
spectral information can be used for numerous applications and
diagnostic improvements. A distinct example that beneﬁts from
the usage of PC detectors was presented for BNCT. This therapy lacks an accurate method to determine the 10 B concentration and distribution within the patient and during the treatment. A SPECT like approach, has been favored to determine
the 10 B concentration and is called BNCT-SPECT. This approach
employs the PG signal of the BNC reaction, but fails because of
the low SNR ratio of this signal. This is due to the small number
of PGs from the BNC reaction, as compared to the overall number of background photons and the number of neutron induced
photons from the epithermal neutron beam.
A method has been proposed (Publication I and Section 1.2)
to improve BNCT-SPECT by employing PC detectors based on
CdTe. In addition, to the high sensitivity for the PGs from the
BNC reaction, these detectors are also sensitive to the PGs from
the CdNC reaction, which occurs within the detector itself. The
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signal from the CdNC reaction is, like the signal from the BNC
reaction, dependant on the amount of 10 B present in the patient.
The CdNC signal however, possesses a larger SNR value and
is therefore easier to detect in BNCT-SPECT. Both the BNC and
CdNC signals can then be used for dose determination and localization efforts.
It is the PC ability of the detector however, which allows this
modiﬁcation to the therapy, because only through the PC operation, the distinction of both reaction types and the background
from one another, become possible.

Recommendation for Future Research
For the future, it is suggested that further veriﬁcation of the
proposed modiﬁed BNCT-SPECT method should be performed.
Mainly, the experimental evaluation of the target localization
based on both reaction types is required for further developments. This can be achieved by repeating the experiments as described in Publication III and employing a line detector, or a 2D
detector array comprised of PC CdTe detectors. Such an array
will also enable tomographic image reconstruction. In cooperation with the development of dedicated localization algorithms,
real time target localization and dose calculations become possible in BNCT-SPECT.
Unfortunately, such a detector array did not exist at the time
of writing this thesis. Therefore, efforts should be invested to
further the development of CdTe based PC detector arrays. The
CMS group at the detector laboratory of HIP has started these
efforts and the evaluation of the ﬁrst prototype is expected to
contribute not only to BNCT, but to the entire ﬁeld of radiation
detection in medicine.
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Cubic
C
14
2.33
1.12
3.62
104
>1
≈1

Si
Cubic
C
32
5.33
0.67
2.96
50
>1
>1

Ge
Cubic (ZB)
CVD
31, 33
5.32
1.43
4.20
107
10−5
10−6

GaAs
Cubic (ZB)
THM
48, 52
5.85
1.44
4.43
109
10−3
10−4

CdTe
Cubic (ZB)
HPB,THM
48, 30, 52
5.78
1.57
4.60
1010
10−3 - 10−2
10−5

Cd0.9 Zn0.1 Te
Tetragonal
VAM
80, 53
6.40
2.13
4.20
1013
10−4
10−5

HGI2

Cubic (CsCl)
BM
81, 35
7.56
2.68
6.50
1012
10−5
10−6

TlBr

The more common growth methods: C = Czochralski, CVD = Chemical Vapor Deposition, THM = Traveling Heater
Method, BM = Bridgman Method, HPB = High-Pressure Bridgman and VAM = Vertical Ampoule Method, μe τe and
μh τh are the electron- and hole mobility-lifetimes.

Crystal structure
Growth method *
Atomic number
Density (g/cm3 )
Energy gap (eV)
Pair creation energy (eV)
Resistivity (Ω cm)
μe τe (cm2 /V)
μh τh (cm2 /V)

Material

TABLE A.1: Physical properties of the semiconductors and compound semiconductors that qualify for radiation detectors in
medicine at T = 25 °C. Adapted from Del Sordo et al. (2009).
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