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Abstract

Trafficking of illicit nuclear materials such as highly enriched uranium and plutonium is a
significant issue in today’s society. An important method to limit the distribution of these
substances, is the application of gamma spectroscopy methods which can identify
radioactive material even when attempts have been made to mask their presence. The
Compton scattering of photons emitted from legitimate radioisotopes and/or medical
isotopes can be used to mask identifying gamma lines of illicit material which occur in
the same energy region.

The Centre for Medical and Radiation Physics (CMPR) has developed two Compton
suppression detectors, the performance of which has been investigated in this work. The
detectors are designed to be small in size and weight to form the basis for a hand-held
detector that can be used by customs officials in the field. The detectors are based on two
concentric CsI(Tl) scintillators: the inner is used for spectroscopy, and the outer vetoes
any events which are scattered from the inner. One design uses silicon PIN photodiodes
and the other is based on silicon photomultiplier (SiPM) array.

The scope of this project involved characterising the devices and comparing the
performance of the two designs utilising detailed gamma ray spectroscopy and initial
trials to examine the Compton suppression ability. The SiPM based scintillator readout
system was found to have a resolution of approximately 15% for 511 keV gammas
incident on the scintillator. Compton suppression was achieved using two different setups, one using a conventional PMT optically coupled to the outer scintillator, while a
SiPM was optically coupled to the inner scintillator, the other using SiPM optically
coupled to both the inner and the outer scintillator. The tests with the SiPM+PMT
showed that the scintillator configuration could produce a Compton suppression of up to
80%. When both scintillators were coupled with the SiPM, the best Compton suppression
achievable was 50% at room temperature.

iv

The PIN photodiode system is a less elegant, but more robust system than that based on
the SiPM. It was found that the PIN photodiodes based devices had an energy resolution
of 6.9% for 80 keV gamma detected directly in the silicon. Unfortunately some
instabilities in the leakage current developed over time in the photodiodes, possibly due
to the thin oxide layer used in the large optical entrance window. This effect was further
exacerbated by the optical coupling grease used to attach the scintillator. As a result any
further photodiode characterisation was not attempted in this project. Future photodiode
designs will incorporate a thicker oxide layer to avoid the observed instability issues.

From these results it was concluded that the Compton suppression systems showed
promise for further development, with room for future optimisation of the results.

v
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1

Introduction

The widespread use of radioisotopes for both commercial and medical applications requires the
transport of these materials on both a domestic and international scale. As with the transport of
other potentially hazardous materials, this transport is closely monitored to ensure safety to the
public and accountability of the type of isotopes being transported[1]. Gamma spectroscopy
provides a non-destructive assay that is widely used to identify radioactive substances. One
disadvantage of gamma spectroscopy is its limited ability to distinguish low energy gamma
emitters that are typical of many threat materials, such as highly enriched uranium, in the
presence of higher energy gamma emitters (e.g. Co-60). Low energy emissions can be masked
by the presence of a Compton continuum associated with higher energy gamma emissions [2].

Reducing the impact of Compton scattering is an important goal in the design of such
instrumentation. There are two approaches available to reduce the impact of Compton scattering:
1. The use of a large volume detector sufficient in size so that most of the energy from
Compton scattering interactions are deposited within the detector and contribute to the
full energy peak [3].
2. The use of multiple detectors which can work in either coincidence or anti-coincidence
modes to filter out scattered photons associated with a Compton scattering event; known
as a Compton suppression system [3].

The high complexity, cost and impracticality of producing a detector sufficiently large to ensure
all full energy depositions are detected (with minimal/negligible escaping Compton scattering
events) means that a Compton suppression system is a more cost effective and thus realistic
approach for a hand-held device [4].
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1.1 Project Aims

The aim of this project is to characterise a novel hand held Compton suppression detector,
designed and currently under development at the Centre of Medical and Radiation Physics,
University of Wollongong. The detector is based on two concentric CsI(Tl) scintillators attached
to a segmented silicon PIN photodiode or a large area silicon photomultiplier array. Previous
work [4] has focused on the characterisation of the PIN photodiode segments. The work in this
project aims to characterise and compare these two devices
1.2 Gamma Interactions

There are three main gamma interactions that occur in a scintillator. In a scintillator of the scale
used in this project each of these interactions produces a unique feature on an energy spectrum.

1.2.1

Photoelectric Effect

Photoelectric interactions (PE) occur between a gamma-ray photon and a bound electron. PE
results in the transfer of all of the energy to the bound electron. In most cases this results in the
ionisation of the atom when the photon energy is greater than the binding energy of the electron.
In this process the photon is completely absorbed and the electron is ejected with the energy of
the incident photon minus the binding energy of the electron as shown by the equation below.

Ee− = hv − Eb

When photons interact via the photoelectric effect all the energy of the incident photon is
transferred to one electron. Compared to the gamma ray the electron has a very short range so
deposits all its energy in a small area of the lattice. If there are only photoelectric interactions the
spectrum produced contains one peak which corresponds to the energy of the incident gamma
ray as shown in Error! Not a valid bookmark self-reference.. This is the ideal interaction in
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the measured response of a detector if it is to be used in gamma spectroscopy to identify isotopes
[6].

I

hv

E

Figure 1: An example of an energy spectrum if all of the incident gamma rays interacted via the photoelectric effect

1.2.2

Compton Effect

Compton scattering (CS) is a process where a photon is scattered by an electron, the energy of
the incident photon is shared between the electron and the scattered photon[5]. A relationship
exists between the angle of scattering and the energy transferred to the scattered photon as shown
in Figure 2 and the equation below.

hv

hv ' =
1+

hv
(1 − cos θ )
m0 c 2

Figure 2: Schematic of Compton Scattering [6]
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If the photon interacts via the Compton effect, the energy transferred to the electron is a function
of scattering angle. It produces a continuum rather than a peak as seen with photoelectric
interactions, when the measured spectrum is recorded using a multi channel analyser (MCA). An
MCA sorts pulses into different voltage bins based on the voltage height of each pulse so an
event pulse height frequency spectrum can be plotted which is representative of the energy
deposited in the detector per event measured by the detector. Since the photon is scattered rather
than absorbed, it can escape the crystal and not be detected. As most radionuclide identification
algorithms are based on peak search analysis the Compton continuum (Figure 3) only serves to
decrease to signal to noise of the system and in many cases can distort true peaks which share the
same energy region.

I

θ=π

θ=0

hv
Ec
Compton Continuum

E
Figure 3: Energy spectrum produced from Compton scattering

The probability that a gamma ray is scattered at a certain θ is shown below on a polar plot. As
shown in Figure 4 higher energy gamma rays tend to scatter forward.
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Figure 4: Polar plot of scattering probabilities for different energy gamma rays [7]

1.2.3

Pair Production

Pair production (PP) is only energetically possible where the energy of the incident gamma-ray
photon is greater than twice the rest mass energy of an electron i.e. 1.022 MeV. In this process a
photon is replaced by an electron and a positron, the energy of the photon is shared equally
between the two resultant particles. The positron has a small range as it will undergo an
annihilation interaction with an electron. This interaction will produce two 0.511 MeV gamma
rays. This interaction appears as a peak at 0.511 MeV on an energy spectrum.

1.2.4

Interaction Probability

The probability of each photon interaction process occurring depends on the energy of the
incident photon and the atomic number, (Z) of the material. PE absorption dominants at lower
energies, Compton scattering is prevalent at intermediate energies and pair production is more
likely at high energies as shown in Figure 5. The Z of the material also has an effect on the
probability of each process occurring. Clearly, high Z materials generally have a greater number
of interactions per unit volume, and the photoelectric effect is more prevalent in high Z
materials.

5

Figure 5: Energy regions where different processes dominate [6]

1.3 Principles of Compton Suppression

The production of a Compton continuum occurs when a gamma/X ray photon interacts via
Compton scattering and the resulting scattered photon escapes the scintillator, thus the initial
photon only deposits a fraction of its original energy. This low energy artifact can mask any
photo peaks which occur in this low energy region as shown in Figure 6.

Figure 6: An example of a gamma spectrum with (bottom spectrum) and without (top spectrum) Compton
suppression [2]. The 125Sb gamma emissions are only when Compton suppression has been applied.

6

The design concept of the scintillator combination used in this project incorporates an inner
primary detector which is used to produce a measured spectrum and an outer shield detector
which detects any photons which have scattered from the inner detector as shown in Figure 7.

A

B

Figure 7: Schematic side view of the scintillator detector configuration showing two possible photon paths at normal
incidence.

In Figure 7 two possible photon paths are shown, path A would result in a full energy deposition.
Path B shows a photon scattering out of the primary detector, and being detected by the shield.
By incorporating anti-coincidence counting techniques between the two detectors the effect of
scattered photons can be eliminated from the spectrum produced by the primary detector.

1.3.1 Random Coincidence

The process of Compton suppression described above assumes that the only signal detected in
the outer detector originates from gamma photons scattered from the inner detector. In practice
this not an achievable. Additional signals detected can originate from low energy X-ray or
gamma ray photons interacting directly in the outer detector. The outer detector does not analyse
7

the energy of gamma photons, in that all interactions produce a gate pulse, which disables the
data collection of pulses from the inner detector. These events will occasionally (but very rarely)
coincide with true events and these are known as random coincidences. The higher the count-rate
in the outer detector from these sources the higher the chance that random coincidences will
occur. This means that the design of Compton suppression systems should aim to ensure sources
of random coincidence are minimised. This is achieved by shielding the outer detector on all
sides except the areas adjacent to the inner detector.
1.4 CsI(Tl) Scintillator Crystals

Caesium iodide is an inorganic scintillator, which once doped with thallium has a main emission
spectrum peaking at 550nm. The light output of CsI(Tl) is about 65 photons/keV which is
significantly higher than that of NaI(Tl) which is 38 photons/keV. The high light output of
CsI(Tl) is often quoted at a much lower value since the emission spectrum is poorly matched to
commonly used photomultiplier tubes. Silicon photodiodes have an absorption spectrum which
peaks around the 500-600nm region which makes them a better match with CsI(Tl), and the
higher light output can be utilised as shown below in Figure 8. The decay time of the light output
of CsI(Tl) has two components, 64% has a decay time of 0.68 µs and 36% of the decay have a
decay time of 3.34 µs. These decay times are quite slow compared to NaI(Tl) which has a decay
time of 0.23µs [6].
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Figure 8: Comparison of light output to quantum efficiency of a silicon PIN diode [8]

1.5 Silicon PIN Diodes

A photodiode is a diode that produces a current when it is exposed to light. The current is
proportional to the amount of light incident on the diode. Generally, in a photodiode, a p-n
junction is realized by a highly doped p-type region on an n-type silicon substrate (typically 380
µm thick). The bulk material is polarised using a shallow n+ layer which is necessary to make
the back contact ohmic. In most cases, between the two highly doped regions is a high purity
silicon known as the intrinsic layer, hence these Si photodiodes are known as PIN photodiodes,
schematic shown in Figure 9.
The device is operated under a reverse bias with a positive bias applied to the n+ region and a
negative bias applied to the p+ region. This configuration causes the charge carriers of the doped
layers to drift to the edges of the junction, creating a region depleted of charge carries in the
middle of the junction. This region is known as the depletion region [9]. In this state the only
current which can flow is from electron-hole pairs which are created by thermal excitation,
diffusion inside the intrinsic area or charge carriers created by light photon interactions. When a
device is in this state and not exposed to light only a small amount of current flows through the
device known as leakage current. When the diode is exposed to light the current is proportional
9

to the amount of light incident on the diode. Once electron hole pairs are created in the depletion
region the charge carriers travel through the device and create a current pulse.

P+ Region
N Region
N+ Region
Figure 9: Schematic of cross section of PIN diode

1.6 Silicon Photomultipliers

Si PIN photodiodes are widely used due to their relatively simple construction and flexibility in
design, but a drawback of no intrinsic gain compared to alternative approaches such a photo
multiplier tubes. This requires sophisticated amplification to distinguish the small current pulses
from noise. As such, special low noise charge sensitive amplifiers must be placed close to the
detector to amplify the output signal. Silicon photomultipliers (SiPMs) are light detectors which
have been developed relatively recently [10]. By incorporating a feedback controlled avalanche
breakdown region within the photodiodes, the devices can achieve an internal gain of
approximately 106 which is comparable to the gain of a photomultiplier tube. While a PIN diode
requires up to 100 photons to produce a significant signal above the background noise, SiPM are
sensitive enough to detect single photons[11].

SiPMs are based on an array of pixels, each pixel contains a few thousand sub-pixels. The subpixels are individual avalanche photodiodes operated 10-15% above breakdown voltage[12].
This over-voltage operation means that the sub-pixels are operating in limited Geiger mode so a
single photon interaction will produce a large signal. Each pixel is connected to a quenching
resistor which drops the bias voltage after a breakdown which resets the pixel so it can again
detect light photons.
10

The response of each sub-pixel is independent of the number of incident photon interactions
within that sub-pixel. As a single detector the sub-pixels only work as a proportional counter,
counting the number of interactions in a scintillator but giving no information about the energy
deposited within the scintillator. By connecting the sub-pixels to a common output the signal
produced is proportional to the number of photons incident on the detector, and as such
proportional to the energy of gamma photons incident on a scintillator [12]. This set-up means
that the detector can detect large numbers of photons, but saturates when the number of photons
is greater than number of sub-pixels. Since there are approximately a thousand sub-pixels/mm2
this only becomes a problem for scintillators with an extremely high light output [13].

2

Literature Review

A review of the current literature has shown that there has been extensive work performed in
order to develop commercially available Compton suppression systems. These systems are
mainly used for low background gamma spectroscopy.[14]. As such most nuclear instrument
suppliers have a variety of Compton suppression systems available. These systems are mostly
designed using HPGe as a primary detector surrounded by NaI(Tl) as secondary detectors. Most
systems are developed as laboratory based systems, and thus are very large requiring a dedicated
laboratory in which to be used [7, 15].

2.1

Current Compton Suppression systems

The concept of Compton suppression is not a new idea. In 1969 Euler, Covell and Yamamoto
published their work on a Compton suppression system based on large NaI(Tl) scintillators.
Since then Compton suppression systems have evolved along with emerging detector
technology. The wide availability of high purity geranium in the mid 1970’s [16] led to a
significant improvement in the energy resolution achievable in spectroscopy systems, and has
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been the material of choice for primary detectors for many years. More recently developments in
semi-conductor physics has led to a variety of different materials being used for both the primary
and shield detectors. Some examples are BGO scintillators [17], CdZnTe[18, 19] and
LaBr3(Ce)[20].
While the devices studied in this project have intended security applications there are a variety of
other uses for a Compton suppression systems: identification of artifacts using neutron activation
analysis [14, 21], radioactive ion beam analysis [22] and improved gamma-probe resolution for
lymphocintography [23]. Almost every Compton suppression system involves a primary detector
which is surrounded by at least one secondary detector. Although some studies are also
examining Compton suppression achieved exclusively through pulse shape analysis [24]. In most
available systems the primary and secondary detectors are made from different materials. HPGe
is usually elected for the primary detector since it has superior energy resolution [3]. The
material used for the secondary detectors is usually a scintillator material, either BGO or NaI(Tl),
due to their superior detection efficiency and low cost relative to HPGe.

Much of the literature focuses on the design of the outer detectors. The primary detector is
generally produced by the highest quality material available with the shield designed to optimize
the results of this detector [25]. An ideal Compton suppression system would completely
encapsulate the inner detector, since the possible trajectory of the gamma ray covers the entire
360º around the detector [20]. There are two factors which make this situation impossible to
implement:
1. The need for a direct path for the radiation to enter the primary detector
2. A contact for a readout system from the primary detector.
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Figure 10: Example of a commonly used Compton suppression set up [26].

Figure 10 shows an example of a Compton suppression system used by Riedel et al, this is
known as a well-type configuration (the design used in this project is known as an annular design
and is similar to well-type configuration). Much work has been undertaken on the optimisation
of the geometry of such set-ups [17, 20] with focus on the ideal thickness of the outer detector
and the position of the primary detector. These studies have found that an optimal suppression
factor is achieved with NaI(Tl) with a thickness of 100mm [20]. CsI(Tl) has a larger gamma ray
absorption co-efficient [3] and thus the ideal geometry for this scintillator would be slightly
smaller. The position of the primary detector has also been investigated, with studies finding the
ideal position to be approximately one third of the detectors length inside the outer detector. [17].
The positioning of the primary detector a distance inside the outer detector is a trade-off between
the solid angle incident to the detector and the angle around which the outer detector covers [17].
To avoid this trade off a fairly common design incorporates a plug behind the sample and
primary detector as in Figure 10. By covering this angle it has been found that Compton
suppression improves as more scattering angles are covered [26]. Although a far superior result
is obtained with the aforementioned design, there are inherit restrictions on the possible
applications of such a device. Since the design requires a small sample to be inserted within the
detector, this design cannot be used for standoff detection. Compton suppression systems
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designed to be used outside a laboratory environment should be based on an annular design [7]
as in Figure 11.

Figure 11: Compton suppression design used to monitor TRU waste [20]

Often it is impractical to produce an outer detector of sufficient size as one complete piece, and
as such some designs use multiple adjacent detectors as an outer detector [2, 22, 27]. This
sectioning can produce a very flexible Compton suppression system such as the TIRGESS HPGe
clover detector[28]. This array uses closely packed highly segmented HPGe detectors, which
rather than vetoing events which occur in adjacent detectors the system tracks each gamma ray
and sums the energy of all the interactions. as [29]. While this sectioning can be useful, it also
creates layers of dead material in the Compton suppression shield. These layers decrease the
Compton suppression achievable [30] since scattered gamma rays are partially absorbed in these
layers.

The development of germanium detectors introduced an energy resolution previously unseen in
gamma spectroscopy [16]. At room temperature HPGe detectors have a large thermal current,
and as such need to be operated at 77K [31]. To achieve this operating temperature the detector
must be in intimate contact with a cooling system, usually a dewer of liquid nitrogen (Figure 12).
This arrangement means that there is a layer of high Z copper surrounding the primary detector.
This limits the Compton suppression achievable [19] since low energy gamma rays scattered
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from the primary detector will have a high probability of being absorbed within this layer. The
significance of this layer was studied by Aarts et al. This study showed that by decreasing the
copper layer from 1mm to 0.22 mm, Compton suppression was improved by 23%.
This need for cooling limits the use of HPGe in portable devices, not just because of the physical
bulk of the apparatus but also since the device has to undergo a cool down period before use
[32].

Room temperature semiconductors have being investigated as primary detectors. These providea
potential alternative to HPGe detectors. Kulisek et al have designed a Compton suppression
system using LaBr3(Ce) as primary detector, which can be operated at room temperature with an
energy resolution of 2.8% at 662 keV. As there is no cooling required, the system can be
designed with only 0.76mm of aluminized Kapton between the primary detector and outer
detector. Monte Carlo simulations of this design have shown an improved Compton suppression
is achievable when compared to HPGe systems.

Figure 12: Compton suppression detector set-up using a HPGe primary detector regarded as standard by ORTEC
[15]
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2.2 Signal Processing

Integral to all Compton suppression systems is the signal processing used. The most basic set-up
required produces a gated signal from the outer detectors, which acts in anti-coincidence with the
primary detector [3]. The sophistication of the timing electronics can vary greatly for different
suppression systems [7]. While fast timing electronics produce extremely good timing resolution,
simplified slow electronics produce comparable results [25]. Fast timing is only required if
additional analysis is desired, or very high count rates are expected. Analysing the fall time of
the signal from the primary detector can provide additional information on what interaction has
taken place. Using this analysis it is possible to perform Compton suppression in a single
detector [24, 33], or enhance a multiple detector system [34].

Irrespective of fast or slow timing, the basic electronic process is the same for all anticoincidence circuits [7]. As shown in Figure 13 the primary detector’s signal is split into two
parts, one for energy analysis and one for timing. The outer detector’s signal is only analysed for
timing. An important aspect of anti-coincidence counting is the use of the single channel
analyser (SCA) to set a lower level just above the noise in the outer detector [7]. A SCA analyses
the pulses and only allows pulses in a user defined range. If the level is set too low, the noise
from the outer detector will veto true counts in the primary detector as well as Compton
interactions.
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Figure 13: Example of standard timing techniques from CANBERRA. 2037A NIM modules are Timing Single
Channel Analysers

To develop a fast timing circuit, specialised fast amplifiers and constant fraction discriminator
can be added to the timing line[14]. This creates a very complicated systems, and requires
several NIM modules. By using slow electronics, fewer NIM modules are required and no major
degradation in Compton suppression has been encountered [25].

2.3 Radionuclide Identification

The International Atomic Energy Agency identifies gamma spectroscopy as the most effective
means of radionuclide identification. This is because gamma spectroscopy is non-destructive,
can be performed with hand held instruments [35] and identification can be carried out by inbuilt
programs making them very user friendly devices [32]. If the presence of illicit nuclear materials
is suspected, further analysis can be performed by applying the Nuclear Materials Identification
System (NIMS) which detects neutron interactions using a Cf source [36].
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Hand held radionuclide identification devices are usually designed around a single spectroscopic
detector connected to an internal computer. The spectrum is automatically analysed using a peak
search algorithms which identifies peaks in the gamma spectrum [37]. These peaks are then
matched with a library of known gamma emissions. As well as peak searches the programs also
specifically analyses the energy regions where peaks form nuclear material would occupy[32].
The ORTEC Detective EX is a hand held HPGe device and can identify uranium if it is masked
by either Co60 or Cs137. The Detective EX can identify uranium for source/masking radionuclide
ratios up to7 to 1 and up to a ratio of 6 to 1 for plutonium. A Compton suppression detector
studied by Kulisek et al with 200 mm diameter shows the possibility of detecting plutonium at a
ratio of 106 to one which is a vast improvement on the ORTEC device.

Although Compton suppression systems have been shown to be extremely useful in the
identification of unknown materials [2], the reality of a hand-held device has not been realized.
The main obstacle is the scintillators being used for the outer detectors are most effective when
read by PMTs [3]. Photomultiplier tubes are quite bulky in construction, and require a high
operating voltage. These aspects are disadvantages when developing a hand-held device.
Semiconductor technology has reached a point where silicon photodiodes and photomultipliers
can rival PMTs [38].

2.4 Silicon PIN Photodiodes

There are many advantages in using PIN photodiodes coupled with a CsI(Tl) crystal for an antiCompton system. The main aspects are their small size, low leakage current at room temperature,
robustness and stability in magnetic fields [9]. The effect of temperature and magnetic fields has
imposed limitations on previous Compton suppression systems based around HPGe and PMTs.
PIN diodes show no adverse effects in magnetic field of up to 17 T, and can operate in a
temperature range from room temperature down to 10 K [39], with very little change to energy
resolution and gain. PIN diodes are also relatively inexpensive to produce and offer few
limitations to the design and lateral dimensions of the detector [40]. Another aspect of the PIN
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photodiodes is their internal gain of one, this means that all amplification is performed
independently of the device. This is a disadvantage as sensitive electronics are required to
discriminate pulses from noise. Although this does also mean that the devices are not affected by
temperature changes to the same extent as some active devices [41]. The signal from the
photodiode can be used to determine the energy of the incident gamma ray. The higher the
energy of the gamma ray the larger the current pulse created in the photodiodes. The event pulses
are separated into bins or channels using the MCA so an event pulse height frequency spectrum
can be plotted.

Gamma spectroscopy has been very successful using PIN diodes optically coupled to CsI(Tl)
scintillator crystals[43] shown in Figure 14. PIN diodes are capable of directly detecting gamma
rays with energies of up to 80 keV [44]. Indirect detection of radiation using a CsI(Tl) scintillator
significantly increases the energy range over which PIN diodes can operate. In a study by Kim et
al. it is shown that a commercially available Hamamatsu photodiode of area 1 cm2 attached
similarly sized CsI(Tl) scintillator, has an energy resolution of 6.6% for a 665 keV Cs-137
photopeak. The energy resolution achievable using a photodiode is poorer than when using a
PMT, and this is mainly due to electronic noise which occurs due to larger amplification needed
[45].
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Figure 14: Example of a Cs-137 spectrum using a PIN photodiodes and CsI(Tl) set-up, in this study a commercially
available photodiode was being compared to specially manufactured one [42].

2.5 Silicon Photomultipliers

For many years photomultiplier tubes have been the golden standard for photon detection [46];
they provided stable high gain capable of detecting single photon interactions. One major
drawback of PMTs, is the limit on the quantum efficiency achievable. The best results have
quoted an efficiency of 50% [12]. One of the reasons SiPMs rival PMT is that they have a
quantum efficiency starting around 80%, and also have an internal gain of approximately 106
[10]. This makes them the first emerging technology which could replace PMTs[47]. Also since
they are produced from silicon, they can be coupled with CsI(Tl) which has a greater light output
than NaI(Tl) a highly hydroscopic material which is traditionally coupled with PMTs[3].

SiPMs are not affected by magnetic fields. This coupled with their high quantum efficiency has
led to intense interest in their inclusion in PET systems [13, 48] and the eventual merging with
MRI [11]. While it appears that SiPMs area good substitute for PMTs, there are a few short
comings which need to be understood. One major issue which limits the size of the detector
available is the large dark count rate which is quoted at 1 MHz/mm2 [49]. This means that there
is a limit to the surface area of the devices which can be produced. The largest commercially
available pixel is 6 mm2. Larger area devices are created by an array of smaller pixels[49].
Another drawback of SiPM devices is the significant temperature dependence of the gain of the
device. Gain shift has been observed with a change in temperature as small as 1 °C.[50, 51].
Changes in temperature will affect the breakdown voltage of the junction. As the amplitude of
the signal is dependent on the voltage above the breakdown voltage, any change in temperature
will affect the gain [51]. [52]. This behaviour means that stabilisation of the sensor is required
through an active temperature control or by a feedback of the bias voltage regulator.
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Figure 15: Multiple gamma spectrums obtained using a 12.5 mm2 CsI(Tl) scintillator coupled with a 12 mm2 SiPM

The energy resolvable by a SiPM coupled with a scintillator is limited by the amount of subpixels. If the number of light photons is more than the number of sub-pixels, the signal saturates
[10]. This is a problem with small sized pixels. McClish et al found that using a 1 mm3 pixel
coupled to a 1mm × 1mm× 3mm CsI(Tl) crystal experiences signal saturation at approximately
500 keV. LSO works well with small pixels since it has a relatively small light output, but
CsI(Tl) needs a large number of sub-pixels and thus a larger pixel size. Osovizky et al have
tested larger area silicon photodiodes (3mm2 to 12 mm2) These larger area pixels showed good
linearity for energies up to 1.6 MeV. Also the difference between an array of pixels and one
large device was investigated. It was found that a single device had better energy resolution
compared to an equivalent sized array, but a lower minimum resolvable energy. The intricate
production processes required to produce a solid state silicon photomultiplier, means that the cost
of producing large area device far outweighs the improved resolution [49]. Figure 15 shows a
sample spectrum produced using a SiPM coupled with a CsI(Tl) scintillator.
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3

Silicon Photomultiplier Based Compton Suppression System Design
3.1 Device Design for SiPM

The silicon photomultiplier arrays have been provided by sensL [38], and consist of a 4×4 array
of 3 mm2 pixels shown in Figure 16. The SiPM is mounted on a pre-amp board. The board is
powered by +5V and allows each pixel to be individually read out, or several pixels connected
and read out in parallel.
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Figure 16: Picture showing Silicon photomultiplier mounted on the board

Each pixel is a shallow p+-n+ junction connected to a quenching resistor. The sub pixels are
operated at a voltage above the breakdown voltage. Electrons produced in the intrinsic region
drift to the p+-n+ junction, then multiply by an avalanche interaction. Each 3x3mm2 pixel
contains 3640 sub pixels each 35 µm3. The sub pixels are isolated by etched trenches as shown in
Figure 17. The trenches stop cross-talk between adjacent sub-pixels, but they also create dead
areas which slightly decreases the quantum efficiency of the device. The total active area of each
pixel is approximately 70%.

N+
P+
Conductive

4 µm

Coating
N+

Figure 17: Schematic showing cross-section of a sub-pixel
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The SiPM’s pixels are divided into two groups. The inner four pixels which will be coupled with
the inner scintillator and act as the primary detector, and the outer twelve pixels which will be
coupled with the scintillator and used as the outer detector. Two common outputs are utilised,
one from the sum of the inner four pixels and the other from the outer pixels (Figure 18). This
configuration means that each signal originates from a different scintillator, and can be processed
accordingly.

Figure 18: Schematic showing how the pixels are grouped. The grey square represents the pixels which will be
coupled with the inner scintillator.

3.2 Scintillators for SiPM

The scintillators which were coupled with the SiPM have been designed around the dimensions
of the SiPM. There are a variety of designs for both the inner and outer scintillator.

3.2.1

Inner Scintillators

The inner scintillators have been designed around the dimensions of the SiPM. They have a
diameter of 6mm which matches the dimensions of the inner four pixels. The inner scintillators
are optically isolated by wrapping them in several layers of Teflon tape. Three different inner
scintillators were tested with heights, 6mm, 9mm and 12mm (Figure 19). These scintillators were
designed to examine the trade-off between distance from source, probability of interaction and
attenuation of the scintillation light within the crystal.
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Figure 19: Photo of various Inner Scintillators showing the three different scintillator heights

3.2.2

Outer Scintillators

The purpose of the outer scintillator is to veto events scattered from the inner detector. As such
the detector must be able to resolve low energy gamma rays above the noise of the system. Also
the outer detector must have a large enough diameter that it will detect the majority of scattered
gamma rays. The attenuation length of CsI(Tl) is 2.4 cm for 511 keV. The majority of the outer
scintillators have a diameter of 40 mm which is adequate to detect lower energy gamma photons.
The SiPM has a total sensitive area of 12x12mm2; this is too small to match the scintillator
crystal window. As such, the outer scintillator was designed with a conic shape which works as a
light-guide (Figure 20).

A

B

C
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Figure 20: Schematic of an outer scintillator. A is a side view; B is the bottom view with the grey are depicting
where the scintillator is connected with the SiPM and C showing the top view.

There are a variety of different scintillators which were examined to find which had the best
resolution and light collection, and thus work the best in a Compton suppression system. The
different shaped apertures have been designed with three factors in mind, amount of scintillator
in contact with the SiPM, proportion of SiPM connected to the scintillator face and ease of
construction.

B

A

C

Figure 21: Schematic showing how the different outer scintillators attach to the SiPM. A corresponds to a 12mm
aperture. B corresponds to a 19mm aperture and C corresponds to a 12mm square aperture.

A 12mm aperture means that all the scintillator face will be in contact with the SiPM. A 19mm
aperture means that all of the outer pixels can be used to detect light from the scintillator. The
square face is the best fit for the SiPM, but the construction is more complicated than the
cylindrical shapes and corner effects can decrease the light output in scintillator of this shape.

Scintillator Name

Body Shape

Body diameter (mm)

Aperture shape

Aperture
diameter (mm)

OS-1_R40_R40

Cylinder

40

Round

40

OS-2_R40_R19

Cylinder

40

Round

19

OS-3_R40_R12

Cylinder

40

Round

12

OS-4_R80_R12

Cylinder

80

Round

12
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OS-5_R40_S12

Cylinder

40

Square

12

OS-6_S40_S12

Square

40

Square

12

OS-7_S80_S12

Square

80

Square

12

Table 1: Summary of different outer scintillators

Each outer scintillator is named according to its dimensions and shaped. OS-1_R40_R40 is outer
scintillator 1 with a round body 40 mm in diameter, and a round aperture 40 mm in diameter.

Figure 22: Photo of outer scintillators

3.3 Signal Processing for SiPM

Silicon photomultipliers consist of an array of sub pixels, each sub pixel acting as an avalanche
photodiode. The device is operated at a voltage over the breakdown voltage. A single interaction
will produce a large current, and means that the silicon photomultiplier has an internal gain of
106. This high internal gain means that the pre-amplification does not need to have very low
electronic noise like those used with PIN photodiodes. One drawback of SiPMs is a large dark
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current which is proportional to surface area of each pixel. To create a large area device, multiple
small pixels are arranged to form a large array. The device used in these experiments consists of
16 pixels, each 3 mm2 arranged in a large square 12 mm2. The inner four pixels are coupled to
the inner scintillator while the outer 12 detect are coupled with the outer scintillator. Each sub
pixel in a pixel is connected in parallel to a common output. This signal is then amplified and
shaped so a MCA can analyse it. A special board has been designed by CMRP for this project.
This board enables to the pixels to be joined and create two channels, one for the signal from the
inner scintillator and one for the outer scintillator. The board is powered by + 5 V which not
only powers the pre-amp, but supplies the bias voltage for the SiPM.

3.3.1

Anti-Coincidence Signal Processing

The signal processing set-up is shown in Figure 23. A photomultiplier tube was used for
preliminary experiments, to ensure that the timing is working and also so a direct comparison can
be made between the different aperture sizes. The inner channel is amplified and shaped for
spectroscopy as shown in Figure 23 andFigure 24; the outer channel is used to produce a gate for
the timing. The 8000A pocket MCA has an anti-coincidence input (GATE 1), and a coincidence
input (GATE 2). An input signal in GATE 1 above 5 V will turn off the live clock, and no signal
will be processed. On the outer channel the single channel analyser is used as a low level cut off,
so that low energy noise does not veto true events. The gate and delay produces a digital signal
over 5 V high and 4 µs in duration. This gate is produced every time a gamma ray is detected in
the outer scintillator and the input into GATE 1 stops data collection.

CANBERRA
Inner Scintillator

MCA

ORTEC

Spectroscopy

Delay 427A

Amplifier 2020

Outer Scintillator

ORTEC

ORTEC

ORTEC

Amplifier

Single Channel

Gate

671

Analyser 590A
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Delay
416A

and

Gate 1

Figure 23: Signal processing set-up used for anti-coincidence counting. Gate 1 of the 800A pocket mca is an anticoincidence input.

Since the outer scintillator needs multiple processing steps, the final gated signal occurs a few
micro seconds after the shaped signal. To achieve anti-coincidence counting both signals must
occur at the same time. As such a delay of 2.25 µs is added to the inner scintillators processing
line to ensure that the gate produced from a scattered gamma ray exactly coincides with the
original interaction in the inner scintillator.

Fine Gain

10

Coarse Gain

30

Shaping Time

2µs

Table 2: Setting for Spectroscopy Amplifier for Inner scintillator

Figure 24: Oscilloscope display of signal from SiPM. The image on the left is the signal before amplification and
shaping. The image on the right is after the spectroscopy amplifier.

Fine Gain

10

Coarse Gain

50
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Shaping Time

2µs

Table 3: Setting of Amplifier for Outer Scintillator

PMT
Outer Detector
Inner Detector
SiPM
Source
Figure 25: Schematic showing the set-up needed while using the PMT

While the initial trials used a PMT as a light detector for the outer scintillator (Figure 25), the
final set-up will use the SiPM for both scintillators (Figure 26).

Figure 26: Schematic of scintillator set-up when the SiPM is used for both scintillators

While the anti-coincidence counting is essential for Compton suppression, coincidence counting will also be used to
ensure that the gate and shaped signal match up and also to observe which range of the outer scintillators spectrum is
triggering the gate. The signal processing to achieve coincidence counting in the outer scintillator is shown in
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Figure 27 andFigure 28.

Outer Scintillator

Spectroscopy

MCA

Delay

Amplifier

Single
Channel

Gate and

Gate 2

Delay

Analyser

Figure 27: Signal processing for coincidence counting. The MCA's GATE 2 only starts the live clock when a signal
over 5 V is present.

Figure 28: Oscilloscope display using coincidence counting as shown above. Channel one is input to MCA and
channel two is the input to GATE 1.
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4

Results for SiPM based system

4.1 Energy resolution of Inner Scintillators

The resolution of each scintillator was determined by observing the gamma spectra of both Na22, and Cs-137 using the four inner pixels of the SiPM. Na-22 is a positron source and emits two
energy gamma rays 511 keV and 1273 keV. Cs-137 is a gamma source and emits a 662 keV
gamma. These two spectra have been used to calibrate the detector and the amplification chain.
The energy resolution, expressed by FWHM, of the 511 keV photopeak of the Na-22 has been
determined after the calibration.

Length of Scintillator

Resolution

6mm
9mm
12mm

14.5%
15.4%
14.4%

Counts in peak
centriod
153
190
245

Table 4: resolution data plus information on 511 keV peak, all data was collected for 1000 seconds
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Figure 29: Na-22 gamma spectrum using 9mm scintillator coupled with SiPM

The resolution of all the scintillators is similar. The main difference in the scintillators is the
difference in counts in the peak, which is due to the larger detector volume of the longer
scintillator. The minimum detectable energy incident on the scintillator is 80 keV as seen in
Figure 29.

4.2

Resolution and Light Output of Outer Scintillators using PMT

To be able to directly compare the performance of the different outer scintillators, a PMT is used
for preliminary resolution tests. The gamma spectrums form both Na-22 and Cs-137 were used
to calibrate the detector and amplification chain. The resolution is determined by the full width
half maximum (FWHM) of the 511 keV gamma peak from the Na-22 spectrum. The FWHM is a
measure of the spread of discrete energy events as measured by the detection system, and the
system’s energy resolution is defined, as a fraction, by dividing the FWHM by the energy of the
peak.

Body shape

Body diameter

Aperture shape
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Aperture diameter

Resolution

cylinder

40mm

round

40mm

11.2%

cylinder

40mm

round

19mm

12.5%

cylinder

40mm

round

12mm

12.6%

cylinder

80mm

round

12mm

12.6%

cylinder

40mm

square

12mm

12.5%

square

40mm

square

12mm

12.9%

square

80mm

square

12mm

12.3%

Table 5: Resolution of outer scintillator when coupled with a PMT.

The resolution of the scintillators is fairly similar in all cases. The size of the aperture appears to
have the largest effect; a larger aperture has a better resolution. This is because light has to
reflect of multiple surfaces due to the cone shape to reach the light detector, and this has an
effect on the resolution. Another notable effect is the light output which affects the gain of the
detector system. A decreased light output means that the gamma peaks sits at lower energies
closer to the low energy noise.

Figure 30: MCA spectrum showing a decrease in light output for different sized apertures. Apertur sizes are defined
in the naming convention in the last part of the name (_12R means a round aperture with a 12mm diameter).
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A comparison of light output for different aperture sizes is shown in Figure 30. The cone shape
appears to decrease the light output by approximately 40%. This is because the light has to
reflect off the edges of the crystal, and be guided down the nose. In the larger scintillator the
light has a direct path, and the cone shape means that there is significantly less detector volume
and the scintillators will have a smaller light output. This decreased light output could have a
detrimental effect when used as a Compton suppression shield, as it limits the low energy
threshold of the detector. If low energies in the Compton region cannot be resolved then the
scattered gamma rays cannot be vetoed.

The scintillators which have a square shaped aperture show a slight decrease in resolution when
compared to the round scintillators. The light output is slightly higher than OS-2_40R_19R
(round body 40 mm, round aperture 19 mm), even though the square shaped aperture has less
surface area, Figure 31. This increase in light output can be attributed to the increase in volume
of the detector due to the square shape. These results suggest that the square shaped scintillators
should work well as Compton suppression shields.

Figure 31: Comparison of Na-22 spectrums to see the effect of square shaped scintillators. NB The second section of
the naming convention indicates the shape and diameter of the body of the scintillator and the last part signifies the
shape and diameter of the aperture.
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The results from the scintillators with 80 mm diameters show a significant decrease in light
output, Figure 32. This is a concern since the dark noise in SiPM is significantly higher than for a
PMTs. This means that it might be impossible to resolve energies in the region of the Na-22
spectrum (up to 1273 keV). This would seriously impact in their use in a Compton suppression
system, since the intended use of the system is to resolve highly enriched uranium lines which
are around 180 keV.

Figure 32: Na-22 spectrums from different outer scintillators coupled with a PMT. NB The second section of the
naming convention indicates the shape and diameter of the body of the scintillator and the last part signifies the
shape and diameter of the aperture
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Figure 33: The relationship between relative light output and the ratio of the aperture surface area to the area of the
body of each scintillator. The light output is relative to the scintillator with a 40mm round body and no tapering.

4.3

Testing Compton Suppression Signal Processing

To test the signal processing, the outer scintillator was coupled with a photomultiplier tube as it
has very low noise and good energy resolution. One of the most important settings for the
Compton suppression system is the low level of the single channel analyser. This sets the region
of the outer scintillator’s spectrum which will trigger the gate. If it is set too high than Compton
events will be missed, and if it is set too low it will be triggering on noise and true events will be
vetoed. To observe what region of the spectrum is triggering the gate coincidence counting was
utilised. For all experiments in this section the 6mm inner scintillator was used and the outer
scintillator used has a round body 40mm in diameter and a round aperture 12mm in diameter.
Each test uses a Na-22 source.
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Figure 34: The outer spectrum using coincidence counting at different lower level settings. Note different
acquisition times have been used for each test

Figure 35: Comparison of Compton suppression at different lower level settings (inner detector)

The Compton continuum in the inner detector spectrum is much more dominant due the small
volume of the detector. Also, the source is placed under the SiPM so the gamma rays travel
approximately 0.1% of their radiation length through the circuit board and SiPM detector before
38

reaching the detector. Hence a small portion of the gamma rays may have already undergone one
or more Compton interactions. Figure 35 shows the effect that the lower level has on the final
Compton suppressed spectrum, lower level settings are shown in figure 34. The best setting
appears to be just above the noise at the start of the Compton continuum. This setting produces
Compton suppression without affecting the photo peak. The change in the Compton continuum is
not uniform with increasing lower level, rather certain sections increase. This is because the low
energies detected in the outer scintillator correspond to higher energy regions of the Compton
continuum.

The only result which sees a uniform decrease in the Compton continuum is when a very small
threshold is used, and hence noise pulses are able to trigger the gate. This noise is random so will
veto events from all energies non-discriminately. When setting the lower level the results show
that it is more detrimental to set the level too low (below the noise threshold). Only a small
difference between 0.5 and 1.5 is observed when setting the lower level slightly higher in the
Compton continuum. This is because the scintillator set-up means that the events which are most
likely to be detected are the forward scattered events as they will travel through the longest path
in the scintillator. These events correspond to a higher energy region of the Compton continuum,
so it is this region which is most important to include. Using light guides to position the
scintillator further inside the inner scintillator could improve the Compton suppression as more
angles will be covered. However, any additional loss in scintillation light per gamma ray event
due to the various additional interfaces may null any advantage gained by this method. One
could model such an arrangement (e.g. Detect2000 [53] scintillation modeling software) as a
precursor to building, however this is beyond the scope of this thesis.

4.4

Compton Suppression with Different Inner Scintillators

To compare the performance of the different inner scintillators each one was tested with the
outer detector with a round body 40mm diameter and a round aperture 12mm in diameter. The
outer scintillator is coupled with a PMT.
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As can be seen below in Figure 36, the scintillators of different length produce different amounts
of Compton suppression. By increasing the length of the scintillator there is a higher probability
that a gamma ray will interact, but the observed positive effect is minimal for the scintillator
length greater than 9 mm. The attenuation length of CsI(Tl) is 2.4 cm for 511 keV gammas, so
the differences in length are significant [54].

Figure 36: Na-22 Compton suppressed spectrums from the three different scintillators. The spectrums have been
normalized with respects to the photopeak so that they can be directly compared to each other.

From the results it can be seen that the 9 mm and 12 mm scintillators produces the largest
Compton suppression. This is because the gamma rays interactions can occur deeper in the outer
scintillator, and has a better chance of being detected. If a gamma ray is scattered further inside
the outer detector than more scattering angles are covered, and thus more scattered rays are
detected. There is slight movement in the peak. This is because the data was taken on different
days, and could be an effect of either temperature change or differences in the optical coupling.
There could also be an alignment issue as it is a complicated set-up and slight movement will
produce changes in the position of the peak. To stabilise drift due to temperature would require a
feedback system to adjust the over-voltage for temperature changes.
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4.5

Effect of Cone shape on Compton suppression

In order to assess the effect that the cone shape has on the achievable Compton suppression, OS1_40R_40R (no cone shape) and OS-3_40R_12R (tapered to a 12mm aperture) were tested using
the PMT set-up with the 12 mm inner scintillator.

Figure 37: Comparison of Compton suppression achievable with different outer scintillators showing the effects of
the cone shaped scintillators.

From Figure 37 it can be seen that the tapering of the outer scintillator has a marked effect on
the amount of Compton suppression which is achieved in this set-up. The decrease in cross
sectional area from the cone shape means that there is less material in which scattered events
from the inner scintillator can be detected in the outer scintillator. This decrease in detection
efficiency manifests in a decrease in the Compton suppression achievable. Although a better
result is achieved by using a scintillator with the 40mm aperture, the limitations of cost and
SiPM dimensions available mean that this is not practical.

4.6

Compton Suppression using the SiPM for both Scintillators
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The ultimate goal of this project is to produce a Compton suppression system which solely
utilises a solid state detector as a light detector. While the PMT showed that Compton
suppression is possible with the scintillator arrangement this set-up is not practically viable.

Before outer pixels are coupled to an outer scintillator, each individual pixel must be tested since
it is known that one is not working. If this pixel is connected it will only contribute noise to the
signal and no meaningful data. This is achieved by using a 3 mm2 LYSO scintillator placed
above each pixel. These tests showed that along with the pixel which was known to be faulty
(J13), two other pixels had no signal (J14+J1). Upon examination no obvious defects could be
observed which would account for this malfunction.

4.6.1

Effects on the Inner Scintillator due to Placement of Outer

To examine whether the placement of the outer scintillator around the inner scintillator has an
effect on the gamma spectrum of the inner scintillator, gamma spectrums from before and after
the outer scintillator was positioned were examined. Figure 38 shows an increase in the low
energy noise evident in the spectrum of the inner scintillator. There could be two sources of this
increase in noise; a small portion of the outer scintillator face is coupled with the corners of the
inner four pixels, and possible light sharing between the adjacent areas of the two scintillators.
The portion of the outer scintillator coupled with the corners of the inner pixels is painted with
optically reflective paint. Light sharing between the two detectors is minimize by wrapping the
inner scintillator in several layers Teflon tape. Any light that is shared between the two
scintillators will be a small portion of the light produced by a gamma interaction. This means
that the effect would manifest as an increase in counts at the low energy region of the gamma
spectrum.
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Figure 38: Na-22 spectrums from the inner detector with different conditions to show the effects of the outer
scintillator. Note a logarithmic scale has been used due the large difference in counts.

In Figure 38 it can be observed that the low energy noise threshold increases when the outer
scintillator is in place around the inner scintillator. This increase in low energy noise is most
likely to originate from optical cross talk between the two scintillators. The large area of the
outer scintillator compared to the inner scintillator means that the count rate of the outer
scintillator is magnitudes larger than the count rate in the inner scintillator. This means that even
if a small portion of light produced in the outer scintillator is shared between the scintillators, it
would have a significant effect compared to the low count rate of the inner scintillator. The
increase in the low energy noise is not apparent when anti-coincidence techniques are employed,
which is expected if the increase in the noise is from a cross talk effect. The cone shape of the
outer scintillator exacerbates this effect, as all the light is funnelled to a small area adjacent to the
inner scintillator.
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4.6.2

Outer Scintillators with 12mm Round Aperture

As the outer scintillators have minimal contact with the corner pixels, these pixels are
disconnected since they would only contribute a large amount of noise to the system. As well the
pixels which have been shown to not work have been disconnected. The pixels which have been
disconnected are shown in Figure 39.

Figure 39: Showing where the outer scintillator connects with the SiPM and the circles show pixels which are
disconnected and the diamond indicates which pixels are not working

The spectrum for the outer scintillator was obtained shown in Figure 40. It can be seen that the
511 keV peak is well resolved and has a resolution of 22%, which is much poorer than the
resolution from the PMT. This decrease was expected since the scintillator is not a perfect match
for the pixels, and a substantial amount of the scintillator face is not coupled with the active area
of the SiPM

The light losses coupled with the increased noise means that the 5ll keV peak is only just
resolvable above the noise. This could limit the amount of Compton suppression achievable
since it is impossible to veto events when they are part of the noise, as they are filtered using the
SCA.
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Figure 40: Na-22 spectrum from OS-3_40R_12R coupled with the SiPM. This spectrum was obtained using
coincidence counting.

Figure 41: Na-22 spectrums from OS-3_40R_12R with and without anti-coincidence counting. The inset is the
spectrum from the outer scintillator when coincidence counting between both detectors was used.
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Figure 41 shows that using just the SiPM Compton suppression is possible, although not to the
extent that was evident when using the PMT. This is because the gamma rays in the energy
region of the Compton Continuum are not resolved with the outer scintillator. Another problem
with this set up is the reduction in counts in the Na-22 5ll keV peak. This indicates that the either
noise is triggering the gate, or the count rate in the outer spectrum is so large that the chance
coincidence rate is extremely high.

There are two solutions for this situation; reduce the counts in the outer by collimating the
source, or increasing the counts in the inner by placing the source closer. The easiest solution is
to place the source under the SiPM as it was when using the PMT, as this will increase the counts
in the inner scintillator.

With the source placed under the SiPM there is a decrease in the resolution as shown below in
Figure 42 inset.

The Compton suppression which was achieved using this set-up is shown below. The decrease in
counts in the peak is no longer apparent, which means that the decrease in the Compton region
can be attributed to vetoing of scattered events rather than chance coincidence. There is a small
amount of Compton suppression achieved. Although with spectrum for the outer scintillator not
being able to resolve energies below the 511 keV peak, it is not surprising that there is only a
small amount of Compton suppression. The Compton continuum had approximately 15% less
counts with anti-coincidence counting.
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Figure 42: Na-22 spectrum from 12 mm inner scintillator with and without anti-coincidence counting with source
positioned under SiPM. The inset is the spectrum from the outer scintillator when coincidence counting between
both detectors was used.

From the results with the PMT, it was not expected that coupling OS-4_80R_12R would show a
very good energy resolution. Although the high count rate predicts a much higher efficiency. As
this scintillator is significantly heavier than the previous scintillator it was supported using a
retort stand and clamp over the SiPM.

With this set up it was found that the 511 keV gamma peak from Na-22 was just resolved above
low energy noise as shown in Figure 43. Compton suppression was performed by using anticoincidence counting between the inner and outer scintillators, and the results are shown in
Figure 43. There appears to be only a very small amount of suppression achieved when using
this scintillator. Although it was predicted that the larger sized scintillators would have a far
superior Compton suppression, it is evident that the inability to resolve energies above the dark
noise of the SiPM is severely limiting the performance since it is impossible to veto events which
occur in a region is unresolved.
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Figure 43: Na-22 spectrum from 12mm inner scintillator coupled with OS-4_80R_12R, with and without anticoincidence counting. The inset is the spectrum from the outer scintillator when coincidence counting between both
detectors was used.

From the results above with the 12 mm round aperture it can be seen that this system has promise
as a small Compton suppression detector. There appears to be many factors which can be
optimized. When these results were performed, the scintillators with a square 12 mm aperture
had not been ordered. From these results the need for a scintillator which more closely matched
the SiPM was realized so OS-5 to OS-7 were designed and produced.

4.6.3

Outer Scintillator with 12 mm Square Aperture

Since the new scintillators dimensions have a better match with the SiPM, the pixels which had
been previously disconnected were reconnected as shown in Figure 44. The pixels which were
shown to not work were not reconnected.
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Figure 44: schematic showing the pixels configuration of the pixels for the 12 mm square shaped apertures

The addition of the two pixels improved the minimum resolvable energy as shown in Figure 45.
This improvement suggests that the poor Compton suppression from previous results originates
from light loss from mismatch of dimensions of the scintillator aperture dimensions. This also
shows that any result obtained will be able to be further optimized by an investigation into the
malfunctioning pixels to discover if there are underlying factor which can be rectified.

The energy resolution of the Na-22 peak was found to be 22% when the corners were connected
shown in Figure 45.

Figure 45: Improvement on the lowest resolvable energy with the corners connected for the outer pixels common
output
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4.6.3.1 OS-5_40R_12S

By positioning the source under the SiPM, the resolution in the outer scintillator is seen to
decrease (Figure 46 inset). While the peak has been degraded, it still appears to be a well defined
peak which has not been evident for other outer scintillators. This is a good indication that
Compton suppression will be achievable.

Figure 46: Na-22 spectrum with and without anti-coincidence counting using OS-5_40R_12S as an outer scintillator

Anti-coincidence counting between the two scintillator was performed and the results shown in
Figure 46. As can be seen there is a significant reduction in counts in the Compton region with
anti-coincidence counting. With Compton suppression there is approximately a 50% decrease in
counts in the Compton region. This is a significant result as it shows that a significant amount of
Compton suppression is achievable using just a SiPM pixel array. The limiting factor appears to
be the minimum resolvable energy, which can be optimized by a good geometric matching of the
scintillator and pixel array.
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4.6.3.2 OS-6_40S_12S

The Na-22 gamma spectrum from OS-6_40S_12S was obtained with the source place underneath
the SiPM. The 511 keV peak was clearly resolved above the noise, although the Compton
continuum was not apparent in the spectrum. By using coincidence counting with the outer
scintillator, a spectrum of the events which will be used to veto Compton scattered gamma rays
from the inner detector was obtained in Figure 47 . This shows that the lowest resolvable feature
of the spectrum in the 511 keV peak.

Anti-coincidence counting was used between the signal from the inner and outer scintillator and
the results are shown in Figure 47.

Figure 47: Na-22 spectrum with and without anti-coincidence counting using OS-6_40S_12S as an outer scintillator

The reduction in the light output with square shape extending through the whole outer scintillator
appears to have a small effect on the Compton suppression which is achieved. The Compton
continuum is decreased by approximately 40% as opposed to the 15% achieved with the round
aperture. From the above results it can be seen that the shape of the aperture has a very large
effect on the amount of suppression achievable in the Compton region. While the shape of the
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body does have an effect, it is very small compared to the aperture with 25% more suppression
with an aperture which matches the shape and dimensions of the SiPM pixel array.

4.6.3.3 OS-7_80S_12S

OS-7_80S_12S was positioned on the SiPM while being supported by two clamps and retort
stands. While this positioning did not guarantee good optical coupling, not supporting the
scintillator would mean damaging the board on which the SiPM was mounted. With the source
positioned on top of the scintillator a gamma spectrum using Na-22 was unable to be acquired,
possibly because of the poor light output which put the gamma peaks in the low energy noise
region. In this region true counts can not be distinguishable from noise. With the source
positioned below the SiPM, the 511 keV was only just resolved as shown in Figure 48. Compton
suppression was tested by using anti-coincidence counting between the inner and outer
scintillator.

Figure 48: Na-22 spectrum with and without anti-coincidence counting
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The Compton suppressed data shows only a very small reduction in the Compton continuum.
These results were expected because on the inability of the SiPM to resolve the Na-22 gamma
peaks. While the large scintillators should give superior results compared to the 40 mm diameter
scintillators, the ratio of scintillator area to aperture area appears to be a limiting factor. The large
amount of light produced in the scintillator cannot be effectively funnelled through such a small
area, and this is creating pile up and thus an overall loss of light output. The only way to resolve
the spectrum would be to lower the dark noise of the system which is beyond the scope of this
project.
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5

System Design for Silicon PIN Photodiode Based Detectors

The principle design aim of the Compton suppression systems is to be small in size and low in
mass, from which hand held device can be developed.

These design specifications are achieved through the coupling of CsI(Tl) scintillators to silicon
semiconductor light detectors. There are two possible semiconductor devices for use as a light
detector, silicon photomultipliers and silicon PIN photodiodes both of which have been utilised
in this project.

The designs below which will be implemented for the Compton suppression detectors have been
developed by the CMRP.

5.1 Silicon PIN Photodiodes design

The photodiodes have been designed using high resistivity silicon with dimensions to exactly
match the size and shape of the two scintillators which will be used. There are two different
designs as shown in Figure 49.

Figure 49: Photos showing both the segmented and un-segmented photodiode designs
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For the segmented design, the inner detector has a diameter of 6mm and the outer detector has a
diameter of 24mm. For the non-segmented design the inner detector has a diameter of 5mm and
the outer has a diameter of 25mm.

The two different designs are a tradeoff between low noise and a large active area. A large area
photodiode has a large capacitance, as this is directly proportional to the surface area. This
capacitance introduces a large amount of noise, and thus a higher chance of random
coincidences. By segmenting the outer section the overall noise is reduced[55]. The physical
separation of the four quadrants in the segmented device introduces areas which are unable to
detect light from the scintillator. This reduces the quantum efficiency of the outer section and
thus the Compton suppression achievable.

A cross section of the device is shown in Figure 50. Each photodiode is made from a single
wafer of silicon which sits on a ceramic disk. The spatially separated three P+ regions correspond
to the inner and outer sections of the photodiodes. There is also a thin layer of aluminium coating
the device. This design is fairly simple to work with and will produce a compact detector.
Previous work has characterised the photodiodes and found that they should work well when
coupled with a scintillator [4].

P+

Al

N+

N+

Optical Window

N

Figure 50: Schematic of the cross-section of the photodiodes
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5.1.1

Definitions of PIN Photodiode

The different sections of the two photodiode designs are defined as in Figure 51and Figure 52.

D1
D5
D2
Guard
Ring
D4

D3

Figure 51: Schematic of segmented photodiode design with each segment defined

D2
D1
Guard
Ring

Figure 52: Schematic of un-segmented photodiode design with sections defined

There are seven individual photodiodes defined as SD-1 to SD-8 (excluding SD-4). SD-1 to SD6 are not attached to a scintillator, while SD-7 and SD-8 have been glued to a scintillator. Each
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section of the photodiodes is connected via a thin wire to a pin underneath the device shown in
Figure 53 and these pins are defined below (Figure 54):

Figure 53: Photo showing connection from a photodiode section to a pin

P3

P2

P4
P1
P5

P6

P7

Figure 54: Schematic showing underside of photodiodes with pin definitions

P1- Thick strip coming from under the detector Common Cathode
P2- Connected to D4
P3- Connected to D5
P4- Connected to D1
P5- Connected to D2
57

P6-Connected to outside ring
P7-Connected to D3

Each device is uniquely identified underneath the ceramic disk with the letters SD followed by
an identifying number.

As the devices can either be coupled with a scintillator or bare, to distinguish the two photodiode
configurations the device name will include two suffixes. The first being either a Q or an R. Q
indicates an outer section with quadrants, and R to indicate a complete outer ring. The second
suffix is either an S or a B. S identifying devices coupled with a scintillator, and B for bare
photodiodes. For example SD-2_Q_B is device SD-2 which has a segmented outer section and
no scintillator.

Name of Device

Photodiode Outer Section

Scintillator

Configuration
SD-1

Segmented

Unattached

SD-2

Segmented

Unattached

SD-3

Segmented

Unattached

SD-5

Segmented

Unattached

SD-6

Ring

Unattached

SD-7

Ring

Glued

SD-8

Ring

Glued

Table 6: Summary of devices and properties as they were received

5.2 Scintillators for PIN Photodiodes

The CsI(Tl) scintillators have been designed to match the dimensions of the PIN photodiodes as
shown in Figure 55.
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Outer CsI(Tl)

reflective

crystal

paint material
Inner CsI(Tl)
crystal

P

N+

+

N+

N

Figure 55: Schematic of cross-section of PIN diode coupled with the two concentric scintillators

5.3 Signal Processing in PIN Photodiodes

One can estimate roughly the signal expected in the form of charge creation within the detector
for a standard photon energy that interacts within the CsI(Tl) scintillator. A 1 MeV photon
interaction creates ~50,000 optical scintillation photons. Due to various losses (light losses at the
corners, self absorption, quantum efficiency of the diodes etc) approximately 60% of this light is
lost. As there is no internal gain, one photon will produce one electron-hole pair, so we can
expect to create ~20,000 electrons (3.2 fC). This is an excellent signal to work with, however,
one needs to remember that we also need to detect low energy photons (~60 keV) with sufficient
signal to noise ratio. This equates to 1200 electrons, a much more challenging problem. The
initial signal from a PIN photodiodes is therefore typically only of the order of a few thousand
electrons per 10 keV of photon energy incident on the scintillator crystal, which is small in terms
of electronics for readout and analysis. As such the signal needs to go through multiple

59

amplification steps so that it is not lost in electronic noise pickup. The signal processing is shown
below in Figure 56.

CANBERRA
Reference
Pulser 1407

Compton
Suppression
Detector

Amptek

Shaping Amp

A250 Pre-

CANBERRA

Pocket MCA

Amp

AFT Research

8000A

HV

Figure 56: Signal processing set-up used for the PIN diodes

5.3.1

Test Pulse

A test pulse is used to mimic charge collection as it is given a short rise time (~10 ns) and a long
fall time of approximately 100 ms. The long fall time is necessary as the test pulse is injected
into the electronic readout chain via a small voltage pulse across a small (~2 pF) capacitor. Such
injection can be done with or without the detector connected. The signal effectively travels the
same path as the signal from charge collected in the device, and the effect of the detector leakage
current and capacitance can be monitored independently. There are two sources of noise in this
set up Series noise which originates from leads and device capacitance, and parallel noise which
originates from the leakage current of devices. The electronic pulser indicates the level of
parallel noise in the set-up. When determining energy resolution the inclusion of an electronic
pulser allows discrimination of the source of excess noise.

Normalise

1.8

Pulse Height

5

Rise Time

min

Table 7: Setting for Pulser
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5.3.2

Amptek Pre-Amp

As a PIN photodiode has an internal gain of one, the initial signal is very small and easily lost
electronic noise. An Amptek A250TM charge sensitive pre-amplifier is used to amplify the signal
from a few mV to a few hundred mV. The pre-amp is mounted on a PC-250 test board (Figure
57) which incorporates a test pulse input and a high voltage input. It also allows the inclusion of
high pass filters as shown in the optional resister and capacitor inclusions. A low pass filter is
added before the detector by adding a 100 nF capacitor in C12 and a 1 MΩ resistor in R4. This
configuration has a time constant of 0.01 s which means that the cut off frequency is 100 Hz.
This only allows fluctuations which are so large that they have resemblance to the detector
output. A 22 MΩ resistor is added in R7. A 1 nF capacitor is added between detector out and
input as an AC discriminator, this separates the bias which is a DC signal from the voltage pulse
created by charge collection in the device.

Figure 57: Circuit diagram for the PC-250 test board
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5.3.3

Shaping Amplifier

The shape of the pre-amplifier signal is unable to be processed by a multichannel analyser,
(MCA) as it has too small an amplitude and a long fall time. The signal is shaped to a Gaussian
approximation which has a variable (user determined) fall time of a few microseconds rather
than the hundreds of microseconds of the original signal. When the signal is processed by an
MCA the processing time is dependent on the duration of the signal, and subsequent signals
cannot be processed until the first has finished. To eliminate losses the signal duration must the
much smaller than the event rate. The shaping time creates a balance between the two sources of
noise. The gain from the shaping amplifier is not so important, as this determines the placement
of the energy spectrum within the acceptable input voltage range of the MCA. Too low or high a
gain will make discriminating peaks within the spectrum impossible. The gain is chosen so that
the measured energy spectrum utilises the whole input range of the MCA (if possible), and
therefore the spectral peaks are easily discernable and can be analysed with the best confidence.

Fine Gain

5.62

Course Gain

1K

Shaping Time

1µs

Table 8: Setting for Research Amplifier

5.3.4

Vacuum Chamber set-up PIN Photodiodes

When performing gamma spectroscopy, the ideal environment is free from external signals and
light. This is achieved by performing all experiments inside a light tight steel vacuum chamber.
All experiments were performed at atmosphere. The set-up incorporates a two channel read out
system with two pre-amps, and allows for expansion to five channel readout systems for future
applications.
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5.3.5

Detector Mount

The PIN photodiodes are large in size and have seven legs. Most smaller simpler devices can be
connected directly to the input leads of the PC-250 board, but a specific device mount had to be
created so not to damage the devices and allow for flexible signal processing. The mount is
shown below in Figure 58. Each pin is connected to an output via the copper tracks of the
veroboard, and the back output has been isolated from the copper tracks and connected together
with solder. This allows for common grounding or addition of signals. The whole system has
been tested using a test pulse, and produces a system performance equivalent to an energy
resolution of below 5 keV.

Figure 58: Photo of detector mount used for PIN photodiodes

5.3.6

Collimator for Gamma Source

The outer scintillator for the Compton suppression system is much larger in volume than the
inner scintillator. This means that it will have a much greater event rate when it is exposed
similar amounts of radiation. This high event rate is detrimental if the outer is used to veto
scattered gamma rays from the inner detector, as full energy depositions may be vetoed by
random coincidences. To stop this effect the incident gamma radiation will be collimated using a
lead block with a hole over the inner detector. By using energy absorption and density data from
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national institute of standards and technology (NIST), it was found that 6 cm of lead absorbs
99% of 1.3 MeV gamma rays [56]. As such a 6 cm3 lead block was produced and a 1 mm hole
drilled through one side. To support the weight of the collimator and also allow placement over
the entire surface of the Compton suppression detector the stand was also produced.
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6

Results for Si PIN Photodiode System
6.1 Current-Voltage Characteristics

Previous work has characterised the photodiodes which are not attached to a scintillator [4].
Adding a scintillator to a photodiode can possibly change the I-V and C-V characteristics, and
SD-7 and SD-8 had not been tested. The I-V characteristics will dictate the voltages which can
be used and when full depletion occurs.

As these devices have been received already connected to the scintillator, it has to be determined
what design the photodiodes are. Only three pins are connected to the surface of the photodiode
Therefore it can be assumed that the photodiodes used have an unsegmented outer diode. Further
testing showed that there was no conductance between pins which would be connected to D3,
D4, D5 as such the outer photodiode is definitely not segmented.

Current-voltage characteristic measurements are performed inside the mini-IV chamber which is
connected to a KEITHLEY 237 test measure unit, and is analysed using metrics software. While
the mini-IV chamber can be used under vacuum it was deemed unnecessary since the surface of
the photodiode is covered by the scintillator and vacuum is used to eliminate surface currents
[57]. All measurements were performed under reverse bias.
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Figure 59: Current-Voltage characteristics of D1 on different devices

Figure 60: Current-Voltage Characteristics of D2 sections on different devices

The IV results show that the addition of a scintillator decreases the breakdown voltage
significantly. The leakage current also shows a significant increase before the breakdown
voltage. This shows that the gluing of the scintillator appears to have degraded the performance
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of the photodiode. This could be from surface damage to the device during the mounting of the
scintillator. The scintillators have been permanently coupled and mechanical stress could cause
an increase in the dark current. Additional degradation could be caused by the passivation oxide
layer on the photodiode surface being too thin, thus the optically transparent glue leads to
localized damage at the surface of the devices. Another effect which is apparent is that in some
devices the breakdown is not the typical sharp cut off but a more gradual increase in the current.

6.2 Capacitance-Voltage Measurements

Measurements were performed using the BONTOON 2700 capacitance meter (+60 V maximum
bias voltages). The measurements were performed at atmosphere in the mini IV chamber. A
reverse bias was applied to the devices. Figure 61 Figure 62 show the capacitance, C versus
voltage, V for the inner detector and outer detector respectively for a sample of the ring-type,
(R) silicon detectors, both bare, (B) and with a scintillator attached (S).

Figure 61: Capacitance-Voltage characteristics of the inner section of different device all with the unsegmented
design
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Figure 62: Capacitance-Voltage characteristics of the outer section of different devices

The uniformity of the detectors is clearly demonstrated by Figure 61 andFigure 62, and indicates
the excellent quality of the silicon detector fabrication technique used. The detectors were
designed at the Centre for Medical Radiation Physics, University of Wollongong and produced
by the semiconductor foundry, “Semiconductor Production and Assembly,” SPA-BIT, Ukraine.
The CV characteristics are very similar with and without the scintillator attached, so the
electronic characteristics are also similar. The outer ring detector section asymptotically
approaches a slightly higher capacitance with voltage as expected, given the larger area
compared to the inner detector. By plotting V vs. 1/C2 see Figure 63 , properties of the devices
have been calculated assuming a one sided abrupt junction (full calculations shown in Appendix
A).
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Figure 63: Voltage vs 1/C2 for SD-6 inner section.

NB (m-3)

VB (V)

VFD (V)

CFD (pF)

R (kΩ/m2)

D1

(1.45+0.01)×108

0.510+0.004

154.06+0.79

6.31+0.05

3.44+0.01

D2

8

0.590+0.001

155.1+0.02

126.7+0.1

3.410+0.001

(1.46+0.01)×10

Table 9: Calculated properties of SD-6_R_B from capacitance voltage characteristics

NB (m-3)

VB (V)

VFD (V)

CFD (pF)

R (kΩ/m2)

D1

(1.490+0.001)×108

0.74+0.01

158+2

6.31+0.02

3.34+0.02

D2

(1.300+0.002)×108

0.580+0.001

138.4+0.3

126.7+0.4

3.82+0.01

Table 10: Calculated properties of SD-7_R_S

NB (m-3)

VB (V)

VFD (V)

CFD (pF)

R (kΩ/m2)

D1

(1.56+0.02)×108

0.56+0.01

166+2

6.3+0.1

3.19+0.02

D2

(1.420+0.001)×108

0.60+0.01

151.2+0.1

126.67+0.02

3.50+0.02

Table 11: Calculated properties of SD-8_R_S
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6.3 Energy Resolution

The measured energy resolution is an extremely important parameter for the application of these
detectors in radiation protection and nonproliferation of nuclear materials. The energy resolution,
measured using known standard sources defines the precision with which a radiation detector
system can resolve radiation emissions from two radiation source species. Previous work using
alpha particles has indicated that the PIN photodiodes have good energy resolution and should
produce good results when coupled with a scintillator as a gamma detector [4]. Initial energy
resolution data is produced using a collimated Cs-137 gamma source which has a gamma
emission of 662 keV.

Pulser

Figure 64: Cs-137 gamma spectrum from SD-7_R_S, the 662 keV is not resolved the pulser is sitting at 350 keV.
There were no other features apparent in the spectrum.

From Figure 64 it can be seen the Cs-137 photopeak is not resolved from the Compton
continuum. The visible light output of CsI(Tl) is ~50,000 photons per MeV of incident energy
and the peak emission wavelength is 550 nm, which is well suited to silicon detectors. The
relatively poor energy resolution is therefore most likely due to poor light collection. The peak
shown at energy 350 arises from the pulser, and the FWHM of the pulser is 13.26 channels.
When the device was initially tested the FWHM of the pulser was 7.42 channels. This indicates
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that there is a much higher leakage current than was expected from the IV results. The leakage
current was checked and was found to be about 1 µA at 50V, which is significantly higher than
the current recorded at that voltage in the IV curve This increase in leakage current was seen to
decrease once the device had been left unbiased for a few hours. There appears to be two
separate issues which have been identified above; an inability to resolve a gamma peak due to
poor light collection, and an excessively high leakage current after the device has been biased for
a period of time. The increase in leakage current is possibly due to damage induced in the
detector caused by the optical coupling grease penetrating the silicon oxide passivation layer.

6.4 Gamma Spectroscopy performance of the Compton Si base

Initial gamma-ray spectroscopy measurements were subject to the detrimental leakage current
excursion effect and were discarded. In subsequent measurements care was taken to use shorter
acquisition times of one minute intervals, followed by summing of multiple one minute
acquisitions to form the final spectrum. This approach allowed spectra affected by the leakage
current excursion to be removed from the final data. The leakage current was monitored as the
spectra was acquired, and the system turned off once the leakage current started to escalate to
levels which would affect the resolution of the system. By following this procedure
approximately 10 minutes worth a data could be acquired.

To investigate the ability of the silicon to resolve low energy emissions, Ba-133 was used to
produce the gamma spectrums. Ba133 possesses many well defined gamma lines at relatively
low energies resolvable by silicon and useful in energy calibration, Figure 65.
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Figure 65: Ba-133 spectrum taken with various silicon detectors including the devices under test and a commercially
available photodiode from Hamamatsu.

Hamamatsu

SD-2_Q_B

SD-1_R_S

Pulse Position (keV)

514.24

490.3

492.35

Pulse FWHM (keV)

4.471

4.964

5.43

80 keV Line Position

80.09

77.46

77.28

FWHM 80 keV line

4.446

4.452

5.292

Low Energy Threshold

13.4

21

24.5

Table 12 Comparative noise performance and energy resolution properties between a commercially available
Hamamatsu photodiode and the Compton Si devices.

Figure 65 displays gamma-ray spectra of Ba-133 acquired using an inner detector from the
Compton Si device set, as well as a commercially available photodiode from Hamamatsu.
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Testing using an electronic pulser indicated a gain variance between the Compton Si devices and
the Hamamatsu device of order 5 %. This can be attributed to the difference in the input
capacitance the different devices present to the preamplifier. Compatible FWHM of the
electronic pulsar was observed between an outer Compton Si device segment, and the
Hamamatsu device of approximately 4.5 keV. The value compares reasonably to performance of
other Si detectors tested in the laboratory where ~ 4 keV is typically achieved. The relatively
high capacitance of the devices under test, as well as lengthy input leads to the preamplifier may
have contributed to this slightly inferior result.

Other parameters under measurement are compared in Table 12

The resolution the photodiode connected to the a CsI scintillator exposed to Ba-133 photons was
found to be comparable to the Hamamatsu photodiode, and almost equal to the resolution
observed in the case of the Compton Si device not attached to a CsI scintillator. These spectrums
show that SD-1_R_S can easily resolve energy above 25 keV, and acquiring data over a longer
time period should resolve the higher energy lines of the Ba-133.
6.5 Gamma Spectroscopy performance of the Compton Si base with CsI scintillator

Gamma-ray spectroscopy was performed with the CsI coupled Compton Si device combination.
Measurements were performed with Cs-137 and Co-60 in an attempt to resolve the higher energy
photon at 662 keV, 1113 keV and 1330 keV.

Figure 66 displays the gamma-ray spectrum for a CsI coupled inner Compton Si device exposed
to Cs-137. The pulser was positioned at 370 keV using the calibration of energy directly
deposited in the silicon. An energy calibration for gamma photons incident on the scintillator
was not able to be performed with no resolved photopeaks.
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Possible
Gamma Peak
Pulser

Figure 66: Cs-137 spectrum taken with SD-7_R_B

The expected position of the 662 keV peak is highly dependent on a number of factors [58]:
•
•
•
•
•

The amount of light produced in the CsI scintillator resulting from an incident 662 keV
photon.
The amount of this scintillator light incident on the interface between the CsI and Si
surfaces.
The transmission of light through the coupling of the scintillator to the Si surface
The transmission of light through the surface dead layer into the sensitive volume of the
silicon.
The charge collection characteristics of the Si device.

From the measured spectrum displayed in Figure 66 the Cs-137 662 keV peak is not resolvable.

To see if the detector could resolve gamma rays of a higher energy Co-60 was used.
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Figure 67: Co-60 spectrum taken with SD-7_R_S

Similarly to the case of Cs-137, the higher energy Co-60 photons could not be resolved (see
Figure 67). The low energy region produced on the Co-60 spectrum is approximately twice the
width of the feature produced on the Cs-137 spectrum.

An explanation for this result can be produced through consideration of the four factors
highlighted above concerning energy deposition in the CsI coupled Si detector combination.

The amount of scintillation light produced in the CsI due to incidence of the high energy photons
is a property of CsI, and can generally be considered to be similar in all CsI samples. The
amount of light incident upon the Si interface is a property of the geometry of the CsI crystal as
well as the properties of the surface [54]. This factor cannot be ruled out as a potential cause of
the observed performance of the system. The transmission of light into the sensitive volume of
the Si detector material is dependent on both the optical properties of the interface layer, as well
as the thickness of the dead layer of the Si detector [59]. This factor is considered a highly likely
contributor to the observed performance. The final factor concerning the charge collection
characteristics of the silicon can be eliminated from further consideration, given the good energy
resolving performance of the bare Compton Si device to Ba-133 described previously.
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6.6

Gamma Spectroscopy using Scintillator of D2 section

Gamma ray spectroscopy using the outer section of the previously coupled devices was
performed using Cs-137 and Co-60 (Figure 68 andFigure 69 respectively). As these devices have
stable leakage current over a longer period of time, the spectrums can be obtained without using
multiple short acquisitions.

Possible

gamma

peak

Figure 68: Cs-137 gamma spectrum from outer section of SD-8_R_S gain 1K

The Cs-137 shows a peak just above low energy noise which was not apparent in the spectrum
from the inner section. It can be assumed that this is the Cs137 662 keV peak. A higher gain was
needed to properly distinguish this peak from low energy noise. Gamma spectroscopy using Co60 was compared to see if the higher energy peaks are resolved. In Figure 69 two small peaks are
evident at low energy, which is typical of the 1.3 MeV and 1.6 MeV gamma emissions from Co60. When gamma spectroscopy was performed using SD-7_R_S (outer section) these peaks were
not evident, rather the spectrums looked more like the inner sections’ gamma spectrum. If the
limiting factor in gamma transmission was the dead layer in the silicon there would not be this
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difference in spectrum, as all the devices were manufactured from the same silicon. This means
that the most likely factor is the optical coupling.

Possible

gamma

peak

Figure 69: Co-60 gamma spectrum taken through the scintillator of SD-8_R_S gain 500. the peak at channel 700 is
from a pulser.

6.7 Leakage Current Escalation

To track the leakage current over time while the device is at a constant voltage the KEITHLY
237 test and measure unit along with the metrics software, were used to both apply a constant
bias and take a measurement every minute. This means that the device can be tested in the same
environment in which the leakage current escalation was observed.

The excursion under bias of the leakage current is evident in all photodiodes tested and implies a
thermal runaway effect possibly caused by the optical grease damage or surface contamination.
The majority of tests were performed with SD-2_Q_B.
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Figure 70: Current-Time characteristics of the D1 sections from different devices. All the devices were not coupled
with a scintillator denoted by the suffix B.

Figure 70 shows the typical leakage current under bias (-50 V) versus time characteristic shown
by all of the inner detectors on a variety of different photodiodes. Figure 71 shows the behavior
over a long period of time. The current remains stable for a short period of time (10 – 50 mins)
followed by an initial exponential increase to a point where an inflection occurs (i.e. dI2/dt2=0),
followed by a further increase in the leakage current to maximum current in an asymptotic
fashion. Each separate device appears to asymptote at approximately the same maximum leakage
current value of ~ 1.4 µA.
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Figure 71 ln of the current time characteristics of SD-2_Q_B

To determine if this effect was due to insufficient or damaged surface passivation, the device
SD-2_Q_B was tested under a variety of different ambients namely atmosphere, vacuum and dry
nitrogen. Identical behaviour with respect to the leakage current excursion was observed for the
same device under the three different ambients. This effect has been previously documented in
large area photodiodes and attributed to Na contamination on the surface of the device. This
contamination creates small regions of negative charge in the p+ surface which reach a break
down voltage for low voltages [40].

A critical factor in the time dependence of the leakage current excursion of the biased device was
found to be the recovery time since the device suffered a leakage current excursion, as well as
the magnitude of the previous leakage current excursion. These results suggest that the process
causing the current escalation requires a certain amount of energy to start the process, and
undergoes a process of relaxation when the device is unbiased. This leakage current excursion
means that the devices were unable to be further tested as a Compton suppression system and
new version of theses devices will need to be produced.
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7

Conclusion

The characterisation of PIN photodiodes coupled with dual CsI(Tl) scintillators was successfully
performed. Gamma spectroscopy and Compton suppression was performed with a SiPM array
coupled with dual CsI(Tl) scintillators. From these results conclusions in relation to the
effectiveness of these detectors as anti-Compton spectrometers were determined.

The SiPM array coupled with small 6mm diameter scintillator was found to produce a gamma
spectrum with a minimum detectable energy incident on the scintillator of 80 keV, and resolution
of approximately 15% for the 511 keV gamma line from Na-22. The Compton continuum was
approximately of equal height with the 511 keV line. The energy resolution of the outer
scintillators was found to be consistent but slightly higher than tests performed using a
photomultiplier tube. When coupled with the SiPM the shape of the aperture had a large effect
on the resolvable energy, and the 12mm square shaped designs were found to work the best as
they had to smallest amount of light loss when coupled with the SiPM array.

The Compton suppression achieved when the outer scintillator was coupled with the PMT,
showed that the anti-coincidence counting was working well and the scintillator set-up was
successfully vetoing scattered gamma rays. When the inner scintillators were tested it was found
that the 6mm inner scintillator achieved the least amount of Compton suppression, The 9mm and
12mm scintillators have similar suppression. When comparing the outer scintillators it was
shown that the cone shape affects the amount of Compton suppression when compared with the
cylindrical scintillator.

When coupling both scintillators to the SiPM array it was found that the inner scintillator had
increased noise which meant that the minimum detectable energy was higher. The scintillators
with the 12 mm circular aperture produced the least amount of Compton suppression, and the
scintillators with the square shaped apertures produced the best Compton suppression of 50%.
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The characterisation of the coupled PIN photodiodes showed a degradation of current-voltage
characteristics which can most likely be attributed to the coupling of the scintillators. While there
was marked change in characteristics, it was predicted that it would not limit the devices use for
gamma spectroscopy. Capacitance-voltage characteristics did not appear to be affected by the
coupling with a scintillator, and showed that the silicon was of high resistivity as needed for
gamma spectroscopy.

When gamma spectroscopy was performed the photodiodes were shown to exhibit two
undesirable characteristics, an inability to resolve photopeaks, and an increase in leakage current
over time. These two issues were investigated separately as they were assumed to be independent
of one another. The increase in leakage current was found to be recoverable by unbiased rest.
The increase was tested in a variety of environments which were shown to have no effect, so
surface passivation was eliminated as possible cause. It was concluded that the increase in
leakage current originated from surface contamination.

The inability of the devices to resolve photopeaks was found to be most likely an issue with
optical coupling, although transmission through the dead layer in the silicon cannot be
completely ruled out. It was found by direct gamma spectroscopy in the silicon that the
photodiodes were capable of resolving energies above 25 keV and should be able to resolve
photopeaks of Cs-137, which should correspond to few hundred keV deposited from the
scintillator into the silicon.

The characteristics of the photodiodes were found to show that they will work well in a Compton
suppression system, although there are some issues which need to be resolved. Future work will
examine whether the photodiodes available can be used for preliminary tests, but new devices
will be needed to produce a reliable system. The problems with the optical coupling will be
further examined by coupling the bare photodiodes with scintillators using optical grease.

Future work for the project will focus on achieving a good alignment of the scintillators with the
SiPM array, which could reduce the noise in the inner scintillators spectrum and produce a lower
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detectable energy. Once the alignment has been optimized tests will be performed with multiple
gamma sources including Cs-137 with highly depleted uranium.
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Appendix A

For an abrupt one-sided junction,

1
2
2
=−
V+
Vbi
2
qε s N B
qε s N B
C
Where q is the electric charge(C), εs is the dielectric constant(F/m), NB is the doped
concentration (m-3), Vbi is the built-in potential (V), and V is the bias voltage (V). To obtain NB
and Vbi 1/C2 is plotted against V and the line can be fitted to the form y=mx+b so that,
m=−

b=

2
qε s N B

2
Vbi
qε s N B

Once these quantities are known the full depletion voltage and capacitance at full depletion can
be calculated from the equation below.

W=

2ε S (Vbi − V )
qN B

Where W is the width of the depletion region (m) which can be assumed to be the width of the
detector. The resistivity of the silicon is determined by

ρ=

1
ε s NB

Where ρ is resistivity (Ωm).
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