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Abstract

Background: This work characterizes the first generation of detectors from the Hanna Laboratory to
implement Silicon Photomultipliers and a heptagonal scintillator conguration. The purpose of the device
is to determine the angle at which a radioactive source is located.

Methods: The development of the detector consisted of three phases: construction(September 2012-
December 2012), simulation and characterization (April 2013). The experimental portion of the work
consisted of placing a ¥ Cs source at an arbitrary location, measuring the count rates in each scintillator
panel and analysing the results.

Results: The detector’s function was validated by confirming the inverse square law with a radioactive
source moving away from the detector. Furthermore, with a x2 summation method of analysis the angular
position of a source was determined with an accuracy of 10° and a precision of 12°. With a normalisation
method of analysis the angular position of a source was found with an accuracy of 2° and a corresponding
precision of 2°.

Limitations: The quality of the electronics handling the signal from the silicon photomultipliers
limited our resolution. Occasional double counts occur when a large amount of energy is imparted to
the scintillator. Furthermore, the custom-built circuitry lowered the signal-to-noise ratio such that large
distances were not feasible due to electronic noise constraints. Finally, simulation data analysis showed
that the break of one circuit only had a small effect on the x2 method of analysis.

Conclusions: In conclusion, the design of the detector and the analysis techniques were shown to be
suitable for short range angular resolution of a gamma-ray source. Both distance trials and a simulation
of the detector prototype confirmed the validity of our design and of the analysis methods used. These
promising results at short distances motivate further work in electronic circuit design to improve the
range while maintaining both accuracy and precision.

photons can then be picked up by specific electronics. The BATSE
experiment used eight scintillating modules to determine the direc-
tion of a gamma ray source in space. These modules were made of
two scintillating components. Thallium doped Sodium lodide was

The inspiration for the development of a scintillating directional
gamma-ray detector is the BATSE (Burst And Transient Source Ex-
periment), an experiment on the National Aeronautics and Space
Administration’s (NASA) Compton Gamma Ray Observatory Satellite
looking for gamma-ray bursts (1). A scintillating detector is made of
material that will release photons when struck with radiation - these

the first scintillating material used and it allowed the observatory
to detect gamma-rays within an energy range of 20 keV to 2 MeV.
The second component was made of pure Sodium Iodide, which ex-
tended the modules energy range to approximately 8 MeV allowing
the experiment to detect more powerful sources. This device was ul-
timately used to detect cosmic gamma-ray sources by relying on the
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fact that scintillators which had a greater effective area (thus facing
the source) would have a greater count rate (1).

Luc Sagniére from the Hanna Laboratory developed an octagonal
(eight sided) Gamma-ray Detector (OGD) using this proven platform.
The purpose of this device was to quickly detect the angular position
of a terrestrial gamma-ray source rather than detection of gamma
ray sources in space. This was accomplished by orienting eight scin-
tillating plates in an octagon and using photo-multipliers to collect
and convert the light into a current, which could be converted to a
count rate. The count rate in each of the eight channels is then ana-
lysed to determine the angular position of the radiation source (2).

The current iteration of the directional gamma-ray detector pro-
totype takes advantage of developments in both the geometry and
the technology; rather than using an octagonal design and photo-
multipliers of the OGD, a heptagonal (seven sided) geometry and
silicon photo-multipliers were chosen to create the new Heptagonal
Gamma-ray Detector (HGD).

Design

Previously, the OGD difficulties determining the origin of a radiation
source because of the symmetry in the octagonal shape. Due to the
bilateral symmetry in the previous design, both the nearest and far-
thest faces would have high count rates, creating an ambiguity in the
results. This is shown in the right hand side of Fig. 1.

To solve this problem, the design of the detector takes advantage of
the change in the solid angle of each face with which the gamma ra-
diation can interact. The closest face normal to the incident radiation
will have the greatest cross sectional area and therefore the most in-
teraction with the gamma rays. The faces which are at steeper angles
will have a signicantly reduced effective area of interaction. This re-
duction in solid angle is shown clearly in Fig. 1(a). The cross sectional
area in (1) from Fig. 1(a) is much greater than that of (2).

During experimental setup and calibration, the circuit connected to
one of the scintillators was damaged. Several attempts to repair were
made however it was not possible to complete these repairs within
the allocated time frame of the project. The project was completed
with the remaining six faces.

Polyvinyl Toluene

Scintillators are materials that convert short-wavelength photons,
such as gamma-rays, into longer wavelength photons. This is ac-
complished via a process called Compton scattering where a gamma
ray inelastically collides with an atomic electron and deposits en-
ergy. This excited electron then re-emits a longer wavelength pho-
ton through either fluorescence or phosphorescence. These emitted
photons are contained in the scintillator until detected by an at-

tached photomultiplier. Polyvinyltoluene (PVT) is an organic plastic
scintillator which emits light at a wavelength of 423 nm (3). PVT was
selected as the scintillating material because of its rapid decay time
of 2.4ns. Furthermore, it is transparent to its own emissions - this
is very important as opacity would result in signal loss. Beyond its
physical properties, an additional reason for the selector of PVT was
the low cost of the material (4).

Silicon Photomultiplier & Circuit

Silicon Photomultipliers (SiPMs) are the semiconductor analog to the
traditional photomultiplier tube. Silicon photo-multipliers are built
from an array of avalanche photodiodes on a common silicon sub-
strate. An avalanche photodiode (APD) is a device which takes advan-
tage of the photoelectric effect to generate a current from the impact
of a photon at the p-n junction. A bias voltage generates an electric
field at the interface between the n and p type silicon semiconductor.
The field is so large (= 5 x 10® V/cm) that a single photon interaction
with the pixel can produce a large enough cascade of electrons to
generate a detectable current (5).

o

~ Source

v

.
~ Source

.
10 v 6

we

(b)

Fig. 1

(a) Basic geometry of the detector. The theory is
that the change in the solid angle between (1) and
(2) will cause a change in the count rate. Degener-
ate results were due to scintillators being parallel
in the octagonal geometry of the detector (red).
This was avoided by using the seven sided

geometry on the left.

(b) Plan of the detector with 14 calibration points
labeled around the panels. This diagram is the ba-
sis for the entire calculation of the angle. All angles
will be referred to from angle 1 setas 6 = 0.
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For the development of the HGD, the ArraySM-4 silicon photom-
ultiplier from SensL was implemented as the converter of optical
photons into a current. This SiPM’s peak absorption wavelength is
at 500nm and it has an internal gain of 2.3 x 10¢ per pixel; the scintil-
lator material, polyvinyl toluene, outputs green photons to match
the 500nm absorption wavelength. In total, the ArraySM-4 has six-
teen pixels each with their own output. A silicon photomultiplier
was chosen over a photomultiplier tube for several reasons: it is more
compact and has lower bias voltage requirements. The readout elec-
tronics used in the gamma ray detector were custom-built to operate
with the SiPM as part of this project (6). This SiPM was biased by a
custom designed circuit. Additionally, this same circuit was used to
amplify the signal from the SiPM and transfer it to the data acquisi-
tion system described in Section 3.2.

Methods

Experimental Setup

Each PVT face is made of a 25 cm tall by 7.5 cm wide by 2 cm thick
piece of PVT plastic scintillator. Each scintillator was wrapped in Ty-
vek to improve the internal reflectivity and then wrapped again with
electrical tape to isolate the face from the ambient light. At the top
of the each face, a hole was cut out in the protective wrapping to
place the SiPM in contact with the PVT. The SiPM is then interfaced
with its own amplifying circuit, described in Section 2.4, and then
rewrapped to ensure that the system was light tight. The circuit then
sends the signal to the data acquisition system. This was repeated for
each individual scintillator, meaning there were seven scintillators,
SiPMs and amplifying circuits.

Data Acquisition System

The data acquisition process was identical for each of the six active
faces of the HGD. First the signal from the amplifying circuit was
passed into a discriminator whose threshold is determined by the
calibration in Section 3.4. This discriminator outputs a NIM pulse
(-0.7 V) for every input pulse at greater voltage amplitude than the
threshold. This signal was then passed to a scaler which counts the
number of NIM pulses for each circuit. The duration of each trial and
the number of trials is determined by the user through programming
of a CAMAC module using C++ The CAMAC data acquisition system
serves as the conversion program between NIM pulses and digital
output to be analysed.

Simulation

In parallel to the construction of the detector, a simulation was creat-
ed to virtually run experiments using the Geant4 system. This system
was developed to simulate high energy particle physics experimen-
tation. Written in C++, the simulation utilized Monte Carlo methods

to test the detector’s geometry and detection by allowing users to
construct a virtual model of an experiment and programming the
behavior of various types of radioactive sources (7).

One of the circuits was damaged during testing. This simulation
proved to be vital to the experiment as it modelled a full working set
of panels; this allowed for full calibration of the virtual system and a
full set of data to compare results with the physical detector.

Calibration

The first step in calibrating the detector is setting the gain of the
individual photomultiplier circuits as well as the threshold of the
discriminator connected to the circuit’s output. The gain is the am-
plitude of the voltage response to a gamma ray. This was first de-
termined by minimizing the signal to noise ratio. Then, a threshold
curve was made to calibrate the discriminator threshold for each
circuit.

Gain

The gain set for each individual circuit was chosen such that two dif-
ferent parameters were satisfied. First, the voltage response for each
scintillator to a gamma ray had to be equal for each circuit, within
uncertainty. Second, the electronic noise in the output had to be less
than 10% of the gamma ray voltage. Since the gain was determined
by a potentiometer, there was no absolute gain measurement, how-
ever, the circuits could be compared to equalize their relative gains.

The instrument used for measurement was an oscilloscope. By view-
ing the circuit output with and without a radioactive source, the
gamma ray voltage output and the electronic noise could be com-
pared. This could be done using the oscilloscope digital tools which
measured maximum and mean voltage.

To begin the calibration, the gain of the circuit with the lowest sig-
nal-to-noise ratio was set to have its noise be about 10% of its gam-
ma ray voltage. Quantitatively, for a 7 Cs source, this equates to a
voltage response of 0.68(3) V for a gamma ray, and 0.07(3) V for the
electronic noise. Then, the gain of the other circuits was adjusted
such that a gamma ray from a 1¥Cs source would output a voltage of
0.68 V, within one standard deviation.

Threshold

With the gain set, a threshold curve was constructed for every circuit.
This was done by incrementally decreasing the discriminator thresh-
old and measuring the count rate. For every channel, the count rate
stayed about constant until a certain threshold value was reached,
then the count rate started exponentially increasing. The threshold
value about 50mV before this exponential increase was chosen for
every channel, so as to stay below the noise. Threshold for every
channel was very similar, with values around the 200 mV range.
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(a) Calibration data for the normalization analysis method. (b) Calibration data for the 2 summation analysis method.
This figure shows the number of counts for scintillator 7; every data point is one of the calibration angles. It is fit with a

6-term Fourier series with a period of 360.

Angle Calibration
The final step in calibrating the detector is placing the 7 Cs source

at all the points shown on Fig. 1(b). For every point, count rates are
measured for every scintillator. This gives a baseline set of data to
compare to when a radioactive source is placed at a random angle. All
angles will be referred to from angle 1 from Fig. 1(b) as 6 = 0 rad.

This calibration procedure will output a graph such as Fig. 2b for
every scintillator. By comparing results for calibration points and
random points for every scintillator, a x2 method of analysis can be
used to reconstruct the random angle. Similarly, using Fig. 2a, counts
can be normalized for every scintillator, and used as part of the nor-
malization analysis method.

Distance Sensitivity

The distance sensitivity was tested by placing a radioactive source
directly in front of one of the scintillators and displacing the source
away from this scintillator perpendicularly to its surface. This test is
designed to verify the well known%relationship between the posi-
tion of the source with respect to the detector and the intensity of
the radiation at the detector. This test was completed by placing the
source in front of scintillator 1 and moving it radially outward in in-
tervals of 8.0(2) cm to a maximum of 64.0(2) cm. It will also determine
the effective range of the detector; information which can be used to
setup further testing as in Section 3.6.

Angular Resolution

A subsequent experiment was conducted. To do this, three random
angles were chosen (63°(2), 117°(2) and 299°(2)). Using the results
from the distance sensitivity trial, a distance where the scintillators

counts are well above the noise was chosen. Two methods to resolve
the position of the radioactive source were developed: the x2 method
and the normalisation method. Both methods were used to deter-
mine the location of a randomly positioned source. Two of the angles
were also analysed in the simulation to provide a quantitative com-
parison.

Results

Validation of the Inverse Square Law

By changing the distance of the source with respect to one of the
scintillators, the sensitivity of the detector to changes in source posi-
tion can be determined. Fig. 3 shows the result of the distance test
which used a x2 minimization method to fit the data acquired. The
equation obtained for scintillator 1 is shown in Equation (1).

9.1 x 10°
T @+
In this case, the inverse square law can be confirmed if it can be
shown that the fit is of statistical significance. To do this, the p-value
of this fit is computed, giving a value of 0.999 from which it can be
concluded that the data fits an inverse square law. Finally, a distance
between 10 and 15 cm was used for the random source test as these
are well above the noise pedestal encountered at around 60 cm.

y +9.4 x 102 (1)

Angular Resolution

x2 Method of Source Location

The first step in the x2 method is obtaining the calibration data from
the 14 points on Fig. 1(b) and fitting the data using a six-term Fourier
series, as seen in Fig. 2b. This is done for each scintillator. The use of
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a six term Fourier series was motivated by the work done by Luc
Sagniere (2), who uses a six-term Fourier series, as well as the re-
quirement that the fit be periodic over 360°. Then the Fourier series
for each scintillator is compared to the data obtained at the random
point using Equation (2).

V2= (yi — Z{;(G))z ()

@i

In Equation (2) y, is the number of counts registered by scintillator i
when the radioactive source is placed at a random point, and is thus a
constant for each scintillator. y(8) is the number of counts predicted
by the Fourier series fit for scintillator i as a function of angle done
during calibration as explained in the previous paragraph, and a, is
the error in the counts registered by scintillator i. The x? function
for each scintillator is calculated, then all these functions are added
together to give the plots seen in Fig. 5. Note that the x2 is a function
of 6. The value of 8 for which the total x2 is smallest is the location of
the source determined by the HGD.

To obtain the uncertainty in the x2 analysis, error was propa-
gated through by changing y in Equation (2) by *«, then recom-
puting x°, giving X2, and x?,,, respectively. The error in the
measurement was found by locating the angles, 8, and 6,
which correspond to minima in x2,,. and x,. Computing
U ypper = Oupper - 0 and . = 0 - By, gives the error in the measure-
ment. This type of non-traditional error analysis is important as this
detector has been designed for on-the-fly angular measurements
- this method thus allows for in situ angle and precision measure-

ments.

Fig. 5 is the result of the x? analysis for both the simulated and ex-
perimental data. A qualitative comparison between the simulated
and experimental data shows that the performance of the HGD is

1
10 20 30 40 50 60 70

similar to what was expected from the simulation. Results for both
simulation and experimental data for the random points are shown
in Table 1. Quantitative differences between experimental and simu-
lation data will be discussed in Section 5.4. For random position 1, the
radioactive source was placed at 63°(2) with respect to angle 1 in Fig.
1(b). The experimental results from the x? analysis method resolved
the angular position of the source to be 72°(1). Equivalent analysis of
the simulated data computed the angular position of the source to
be 61.9°(4). Results for other positions are summarised in the above-

mentioned table.
Position Angle
Method Random Random Random
Point 1 (deg) | Point2(deg) | Point3 (deg)

Real X2 Summation | 72 (1) 291.4 (4) 105 (1)

Normalization | 65 (2) 290 (2) 122(2)
Simulation | x2 Summation | 61.9 (4) 300.6 (4) NA
Normalization | 64 (2) 293 (2) NA

True Value 63(2) 299 (2) 117 (2)

Table 1

A summary of the calculated position angle of the random points.
The method of finding the errors of these are discussed in detail in
Section 4 and Section 5.
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For the experimental (left sub-figure) and simulated (right) data, the x2 summation for each of the random points are shown.
The minimum for each x2 summation (green x) corresponds to the respective angle position of each random point. The
determined angle position for the real and simulated data are comparable.

Normalisation Method of Source Location

The normalisation method uses the calibration points, seen in Fig. 2a,
as normalisation factors for the data retrieved from the random posi-
tion tests. The normalised counts in each scintillator are then fit with
a six term Fourier series. The scintillator angle of the fit’s maximum
is the location of the source. Fig. 4 shows a comparison between the
results of the simulation and the HGD. This qualitative comparison
shows that the signal quality of the detector is what was expected
from the Geant4 simulation.

For the normalization method, the error on the fitting parameters
was negligible. Thus, the error on the normalization counts, as shown
in Fig. 2a, was used. Since this was a counting experiment, the square
root of the counts was used as the error, propagated through the
normalization analysis method, and output as a 2° uncertainty. This
again allows for an in-situ analysis of the angle, as in the x2 analysis
method.

Results for both experimental and simulated data are shown in
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Table 1. For random angle 1, where the radioactive source was placed
at 63°(2), the experimental results from the normalisation analysis
method calculated the angular position of the source to be 65°(2). In
parallel, analysis of the simulated data computed the angular posi-
tion of the source to be 65°(2). The rest of the results are summarised
in the above-mentioned table.

Discussion

The primary objective of this research was to demonstrate a proof of
concept for a heptagonal gamma-ray detector design. To achieve this
goal, a simulation as well as a two part experiment was conducted.
The goal of the simulation was to first validate the design of the de-
tector and subsequently act as reference for comparison to future
experiments. Because one of the detector faces was damaged, the
simulation allowed us to see the effect of the loss of a circuit. Table 1
shows that the x? summation analysis method was consistently less
accurate in situ than in the simulation while the normalisation meth-
od was not affected as much by the loss of a face. The first experiment
tested the radial sensitivity of the detector. Beyond testing the ability
of the HGD to resolve sources at a distance, this test was designed

to observe the 7 law as a verication of the detector’s circuitry. The
second experiment tested the ability of the HGD to resolve the angu-
lar position of a source. In conjunction, these tests were able to show
that the HGD was a successful initial prototype. Table 1 summarizes
all the results obtained from both the x? and normalisation methods.

Analysing the Relationship Between Distance and
Counts

By varying the of distance between a radiation source and the detec-
tor, we were able to draw several conclusions about the performance
of the detector. The inverse square law for distance served as a verifi-
cation of the circuit design and data acquisition methods.

Finally, the distance sensitivity shows that at around the maximum
distance studied, 64 cm, the derivative approaches 0 as the data ob-
tained becomes dominated by the noise. This leads to the conclusion
that the maximum distance for which the detector could resolve the
position of a radioactive source that had the same output as the radi-
oactive sample used, is 64 cm. This restriction is due to the gain of the
individual scintillator’s circuits. Each circuit had a threshold as well
as background noise which created counts not from the radioactive
source studied this could be natural radiation like cosmic rays or nat-
ural sources in the surroundings. Efforts were made to increase the
signal-to-noise ratio which led to the results shown in Section 5.1.
With a refinement in the electronics used to shape the signal from
each scintillator, it is very likely that a future iteration of this project
could succeed at distances much larger than those seen here.

Qualitative Analysis

A qualitative comparison of the experimental and simulated results
can now be made. In Fig. 4 (experimental on the left, simulated on
the right), we see that the shape of the data and best fit curves are
similar. The simulated data represents the number of times energy
was deposited in a scintillator face. Therefore, the correlation be-
tween the shapes in Fig. 4 suggests that the SiPM in the electronics
is correctly collecting the light from the scintillator in proportion to
the number of incident gamma-rays.

Analysis methods

The two analysis methods used, x* and normalisation, were both
successful at determining the angle of the radioactive source with
respect to the detector. In terms of the results shown in their respec-
tive sections, the x? method analysed the position to be 8 times the
uncertainty in the measurement from the actual position for the ex-
perimental results and 3 times the uncertainty in the measurement
for the simulation. For the normalisation method, the experimental
and simulated results were both only 1 times the uncertainty in the
measurement from the actual value. For every position attempted,
the results determined from normalisation analysis were more ac-
curate and precise than those determined through the x* method of
analysis.

Thus using the normalisation method of analysis gives an ex-
cellent approximation of the angle of the source with respect to
the detector, and shows the success of the heptagonal detector
at low distances.

Error Sources and Improvements

Several factors during the construction and testing of the device
negatively affected the performance of the HGD.

The use of SIPM’s reduced the size and weight of the device com-
pared to previous models, however, during long tests, the gain within
the device was found to vary signicantly with time and possibly also
with temperature. This lead to difficulty in calibration and ultimately
device performance.

During the construction of the HGD, there was a design change in the
amplifying circuit in which the old circuit boards were modied for a
new, simplied design. Using this make-shift circuitry likely induced
a signicant amount of noise in the signal received from the SIPMs.
The circuit used in testing also caused ringing in the pulse which oc-
casionally resulted in double counts in the scaler. Using a new circuit
board would likely signicantly improve the signal to noise ratio and
ultimately the performance.

The loss of the amplifying circuit from the seventh face of the detec-
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tor during testing likely affected performance, however this cannot
be known as the circuit could not be fixed. The results of the tests
show that the detector was still able to perform despite the missing
face which suggests robustness to failure in the design of the HGD.

The HGD’s ability to detect a source at a distance was worse than
expected. This was mostly due to the signal to noise ratio. With a
0.1 uC 1¥7Cs source, the signal from the HGD was reduced to noise lev-
els after the source was moved 64 cm away from the detector.

Considering these aforementioned problems in the development of
the HGD, the detector still qualitatively performed as predicted by
the Geant4 simulation. The detector was capable of determining the
location of a source accurately. Even though the distance away from
the detector was small, this is still a successful proof of concept and
with some modications could provide the performance required to
detect more distance sources.

Conclusion

In conclusion, the design of the detector and the analysis techniques
were shown to be suitable for short range angular resolution of a
gamma-ray source. Both distance trials and a simulation of the detec-
tor prototype conrmed the validity of our design and of the analysis
methods used. Using normalisation analysis at small distances, the
detector was accurate within 2° of its true angular position. The un-
certainty of the position calculation was 2°. These promising results
at short distances motivate further work in electronic circuit design
to improve the range while maintaining both accuracy and precision
to within the values outlined in this report.
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