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Abstract

In order to compensate for the count losses experienced in standard pileups
rejection methods, the trapezoidal filtering algorithm is implemented to detect
the energy of two pulses when piled up together. Results showed that the full
width at half maximum without pulse pileups equals 3.26 keV and 3.54 keV
with pulse pileups where the pulse time separation is above 4000 nanoseconds.
The trapezoidal algorithm consists of three steps: step filter function, moving
average filter then the differentiation filter to correct for the ballistic deficits,
noise induced high frequency signals and pulse pileups respectively. The al-
gorithm analyzed 20000 waveforms randomly out of 111837 waveforms(each
waveform spanning 5000 channels) where all events are artificially piled up for
pulse time separations in the ranges of 3000 to 6000 nanoseconds.
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1 Introduction

1.1 Motivation

Nuclear energy has been a feasible energy source amid the current energy crisis [1].
Not only it is a relatively clean energy source with fewer carbon footprints compared
to fossil fuels, but it also is reliable and cost-effective [1]. Although there has been a
significant amount of resistance towards the usage of nuclear energy due to incidents
such as the Fukushima and Chernobyl accidents, with careful inspection and better
development of the facilities, it can be deemed as an appropriate energy source [2].

The investigation of the neutron cross-section is essential for building reliable nuclear
reactors as it allows the calculation of reactor cores. Thus, its performance depends
largely on the accuracy of measuring these cross-sections [3]. There are broadly
two types of neutron scattering reactions: elastic and inelastic neutron scattering.
This report will only focus on the inelastic scattering of neutrons. Inelastic neutron
scattering is an experimental technique used for exploring the atomic and molecular
motions of a particle [4].

1.2 High purity germanium(HPGe) detector

The high purity germanium detector is an ideal detector to use in gamma and x-
ray spectroscopy due to its relatively high resolution. These are mainly due to two
reasons: its lower average energy necessary to create electron-hole pairs(3.6eV) and
can be thicker(sensitive thickness of centimetres) compared to silicon. This allows
absorption of higher energy photons [5].

However Germanium has a low bandgap of 0.7eV, which can lead to thermalization
of photons with energies much larger than the band gap being absorbed causing
recombinations which is undesirable since it can lead to the detectors heating up.
Thermalisation gives rise to a drastic increase in noise due to large bulk currents
induced. Hence germanium detectors are required to be cooled down to (77.2 K) so
that only electrons which are excited by the gamma-rays can cross the bandgap [6].

HPGe detectors produce the highest resolution commercially available in recent
years. They are highly useful for measuring radiation. Situations include medi-
cal applications, radiometric assay, nuclear security and nuclear plant safety [5].

1.3 GAINS setup and GELINA facility

The GELINA( Gamma array for inelastic neutron scattering) facility is a Neutron
Time-of-Flight Facility which consists of a high-power pulsed linear electron ac-
celerator, a post-accelerating beam compression magnet system, a mercury-cooled
uranium target, and flight paths with measurement equipment [7]. As shown in
figure 1 electron from the linear accelerator hits the Uranium target that acts as a
neutron source, which then produces a Bremsstrahlung radiation. Bremsstrahlung
radiation is defined as the deceleration of electrons when another electron collides
with it while producing gamma rays[8]. These gamma-rays interact with Uranium
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through (γ, xn) and (γ, fission) reactions, thus releasing neutrons. These neutrons
are then scattered from a sample, producing gamma-rays which are then detected
by the HPGe(high purity Germanium detector). These are known as the neutron-
induced events and they are of main interest in this report[7]. The data is then
analysed through the digitizer.

Figure 1: Schematic diagram of the GELINA facility before the accelerated electrons
colliding with Uranium. Note that the main purpose of this image is to explain how
the electrons collide with Uranium, other features such as mercury flow or Beryllium
etc are not relevant thus are not explained. Image extracted from [9]

The GAINS (Gamma Array for Inelastic Neutron Scattering) setup composes of
two or four HPGe detectors and a classical acquisition system [10]. The GAINS
spectrometer which consists of 12 HPGe detectors placed at 125◦ , 110◦ and 150◦

with respect to the beam direction, is installed at 200 metres away from the Uranium
source as shown in figure 2 [10].
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Figure 2: GAINS setup. Image extracted from [10]

1.4 Pulse pileups

Pulse pileups are when two pulses overlap and an addition of their respective am-
plitudes occur. This happens when the HPGe detector detects two gamma rays in
a single event due to the two gamma rays apart during its arrival is closer than its
detectors resolution [11]. An image of a pulse pileup is shown below in figure 3.
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Figure 3: Pulse pileup for one of the raw signals. The two pulses are separated by
a certain pulse time separation

The main issue with pulse pileups are that it causes distortions of the energy spec-
trum as the detector records the sum of the amplitudes of the two pulses instead of
recording both amplitudes distinctively. As a result, the spectrum will end up hav-
ing less counts at the intended energy level, additionally, a peak will appear higher
up due to the sum of the two amplitudes as shown below in figure 5.
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Figure 4: Comparison of the energy spectrum with and without pulse pileups. Image
extracted from [11].

A common mitigation measure done to avoid pulse pileups are known as pileup
rejection. This is when all events which include pulse pileups are rejected and not
included in the energy spectrum [11]. However as a consequence, it ends up having
significant reductions in counts which implies that it requires a longer measurement
duration to collect sufficient data. This is not ideal as it is time consuming and
reducing its thus not being efficient. To tackle this issue, this paper aims to resolve
this issue by introducing the trapezoidal filtering algorithm with the intention to
detect two pulse amplitudes in the presence of a pulse pileup event. More details
will be included in the research aim section.

This report will mainly be focusing on the neutron-induced gamma-rays for the sake
of investigating the relationship between the energy resolution and the pileups using
digital pulse processing(DPP).
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2 Research Aim

The research aim is phrased as follows: Detecting both pulse heights in the event
of a pulse pileup event. This allows accurate determination of the actual pulse
amplitude or voltage of each gamma ray. For this reason, all events included pulses
which were artificially piled up to test if using the trapezoidal filtering algorithm
is able to produce an energy spectrum without any distortions. This was done by
selecting two waveforms randomly and adding on top of each other. The parameters
which are used to define the distortions in an energy spectrum are: Full width at
half maximum(FWHM) and the mean energy(peak position) of the 1173.3 keV peak
assuming that the peak is fitted with a gaussian.

3 Set up and Experimental Method

3.1 Algorithm

The three main aspects which affect the detector’s efficiency are : pileups, ballistic
effects and signal to noise ratio.

There are three main algorithms which are used to improve the detector’s energy:
Step function filter, moving average filter and the differentiator.

3.1.1 Step Function Filter

The step function filter corrects for the loss of ballistic deficits. Ballistic deficits are
when the pulses experiences a loss in output or amplitude after it has risen to its
peak [12]. In order for accurate calculations of the pulse amplitude, the unnecessary
loss of output must be corrected using the step function filter as shown in the figure
below:

Figure 5: The pulse shape before(red) and after(green) the implementation of the
step function filter. D: rising time and N1 = N2 = time interval before and after
rise. Image extracted from [7].
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The step function filter corrects for the ballistic deficits by first extracting the decay
constant(τ) by fitting the pole zero cancellation to the decaying region of the pulse
[13] [7]. The pole zero coefficient is:

β = e−∆t/τ (1)

Where ∆t is the sampling interval. Then this parameter is used in the step function
filer [7].

uk+1 = uk + (vk+1 − v0) e
∆t/2τ − (vk − v0) e

−∆t/2τ (2)

Where v0 : offset,vk : voltage

3.1.2 Moving average filter

Secondly, the moving average filter is applied as it improves the signal to noise
ratio. It reduces noise by filtering out high frequency data points which are largely
deviating from the majority [14]. This is done by calculating the average number
of points of the input signal within the data length L. This is then repeated for i
points across the whole waveform. The equation is expressed as:

y[i] =
1

L

L−1∑
j=0

x[i+ j] (3)

L represents the number of points averaged over. The resulting signal after in which
the moving average filter has been implemented becomes smoother.

3.1.3 Differentiator

Finally, the steps involved in the differentiation filter is as follows:
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Figure 6: Image of the resulting trapezoid with respective parameters : peaking(P)
and gap times(G). Image extracted from [14]

The three main steps of the trapezoidal filter is shown below [14]:

This computes the average value within P points repeated over i points:

Vav1[i] =
1

P

P−1∑
j=0

Vin[i+ j] (4)

Compute the average again after a separation gap G for length P:

Vav2[i] =
1

P

P−1∑
j=0

Vin[P +G+ i+ j] (5)

The amplitude of the pulses are then taken by subtracting between two results above:

Vout[i] = Vav2[i]− Vav1[i] (6)

The resulting shape is a trapezoid as shown in figure 6. The gap time(G) is the width
of the flat top or simply the gap between the two peak times. The peaking time(P)
represents the number of points which were taken for the trapezoidal algorithm to
process.
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3.2 Hardware

3.2.1 Digitizer

The digitizer has a sampling rate/interval of 4ns per channel/sample. A SIS3316 14
Channel VME Digitizer converts analog signal into a digital one. Input range of the
digitizer is 2 volts and it has 16 channels with 14 bit data. It is connected to the
HPGe detector.

3.2.2 Setup

The setup consists of several components. First of all, a radioactive 60Co source that
emits gamma rays is placed next to the high purity germanium detector(HPGe). The
detector is then connected to the digitizer’s input 1 which then is also connected to
the computer. A delay was created by overlapping a pulse of a delay with 1,2,4 and
5 microseconds with the original pulse. A diagram is shown below:

Figure 7: Setup diagram with 60 Co source. Image extracted from [7]

Each channel is 4 nano seconds apart and each waveform spans over 10000 channels.
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3.3 Energy calibration

Figure 8: Decay scheme of 60 Co isotope. Image extracted from [15]

The figure above shows the decay scheme of the 60 Co isotope. Most of the time it
will decay via beta emission to the excited state of 60Ni which then is followed by a
subsequent gamma decay to the ground state of 1.174 Mev or 1173.2 keV [15]. This
is followed by a 1332.5 keV gamma emission to the ground state. Thus this would
mean that there will be two photopeaks present in the energy spectrum: 1173.2 and
1332.5 keV. This report will be focusing on the 1173.3 keV peak. The full energy
spectrum is shown below
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Figure 9: Energy spectrum of 60 Co using HPGe detector. Image extracted from
[15]

Once the spectrum is produced, the calibration is done by plotting the known energy
peaks against the corresponding peak amplitudes with a linear relationship [16].
Using python’s polyfit function, the parameters can be extracted [17]. This way the
channels can be converted to energy. The equation is shown as follows:

Eγ = A+B · Peakamplitude (7)

3.4 Data Processing

Find the Optimal Peaking and gap values by varying the peak values in the range
of 300 to 800 channels and gap values in the range of 130 to 200 channels. Plot the
energy spectrum at the 1173.2 keV peak position and fit a gaussian Find the peak
position in channels and calibrate channels to energy (keV) Plot the FWHM and
mean energy (keV) against varying pulse time separation of 3000 to 6000 nanosec-
onds Compare the FWHM between with and without pulse pileup

Firstly, data which consisted of 111837 waveforms with each spanning over 5000
channels was provided to write an algorithm that accurately records the pulse am-
plitudes. After the algorithm has been written, the algorithm was tested by checking
if it produces the correct energy spectrum for the real data collected from the Gelina
faciity(although it is not the exact same setup used).
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Data were all processed and analyzed via Python using the Jupyter notebook. Once
the data has been imported, the offset of the signal was found by finding the av-
erage of the signals before it starts rising. After that, using the raw data without
the pileups, the method introduced in the algorithm section is implemented in its
respective order, followed by the two peaks being recorded. This was done by first
recording the first peak of the trapezoid(maximum value within waveform), then
the minimum point of both the left or right side with respect to the first peak was
recorded. The bigger value between either the left and right side was recorded.

The 1173.3 keV peak was then chosen. Since the peak position varies with the
peaking and gap time, the optimal P and G values must first be extracted. The
peak values in the range of 300 to 800 channels and gap values in the range of 130 to
200 channels were used and were plotted against the relative FWHM. The optimal
P and G values are the values which corresponds to the lowest relative FWHM.
Next, the peak position is then found for both the 1173.3 keV and 1332.5 keV peak
to calibrate it. The FWHM (which is the width of the gaussian at half maximum)
and mean energy(peak position), is plotted against the pulse time separation in the
ranges of 3000, 4000, 5000, 6000 nanoseconds to see if the FWHM and mean energy
changes or depends on the pulse time separation.
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4 Results

All energy spectrums were generated via python to test if the algorithm can detect
the two peaks of the pulse pile up. The 1173.3 keV peak was chosen, then fitted via
gaussian using the curvefit function from scipy.optimize.

4.1 Optimizing P and G values

To accurately produce the energy spectrum of 60 co, it is required to find the optimal
P and G values(in channels). This was done by plotting the relative FWHM(in
channels/amplitude) against different peaking and gap times. The optimal peaking
and gap time is when its value corresponds to the lowest FWHM as it implies it has
a narrower resolution. The plot is shown below.

The standard deviation was calculated by using scipy.stats.norm. This was used to
calculate the full width at half maximum. Full width at half maximum is calculated
as FWHM = 2

√
2 log 2× σ where sigma is the standard deviation [18].

The plot of the relative FWHM against the P and G values are shown below:

Figure 10: Above: The plot of FWHM against varying Peaking time( constant G =
130) around the 1173.2 keV peak.
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Figure 11: Above: The plot of FWHM against varying gap time( constant P = 400)
around the 1173.2 keV peak.

It is observed that the FWHM is the smallest when P = 750 and G = 140, implying
that it has the most narrow resolution at this configuration.

4.2 Energy calibration

In order to convert the amplitude to the energy, a calibration must be done.First a
gaussian is fitted for both peaks on the spectrum: 1173.2 keV and 1332.5 keV.After
that, the peak positions(in amplitude/channels) of the two known gaussian peaks
are plotted against the known energy values which are 1173.2 keV and 1332.5 keV
assuming that the relationship between the two are linear. This was done via the
poly.fit function in python. The extracted values are: gradient = 0.65 and the y
intercept = 0.72. This way the x-axis can all be converted to units in keV.
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Figure 12: The calibration function. Their peak positions are plotted to the corre-
sponding known energy values of the 60 Co peaks.

The energy spectrum at the 1173.5 keV peak with P = 750 and G = 140 is shown
below:

Figure 13: The amplitude spectrum of the 60Co source around the 1173.2 keV peak
with no pileups with 20000 waveforms
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The full calibrated energy spectrum is shown below:

Figure 14: The energy spectrum of the 60Co source

4.3 Relationship between mean energy/FWHM and pulse
pileup delay

After figuring out the optimal values for the peaking and gap time, the mean energy
was plotted against the pulse pileup delay to check if the algorithm has accurately
recorded the peaks at its correct value with the presence of the pulse pileup. The
plot is shown below:
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Figure 15: The mean energy(keV) against pulse time separation (nanoseconds).

It is observed that the mean energy starts to fluctuate largely when the pulse time
separation is below 4000 nanoseconds.

The FWHM against the pulse time separation is shown below:

Figure 16: The FWHM(keV) against pulse time separation (nanoseconds).
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As observed, the resolution starts to suffer below 4000 nanoseconds.

The average full width at half maximum(FWHM) between 4000 to 6000 nanoseconds
of pulse time separation is 3.54 keV. It then drastically increases to above 6.0 keV.
The energy spectrum at the 1173.3 keV peak with 6000 nanoseconds of pulse time
separation is shown below:

Figure 17: The amplitude/energy spectrum of the 60Co source around the 1173.2
keV peak with pulse time separation of 6000 nanoseconds.

As evident from the figure above, the energy spectrum at around the 1173.3 keV peak
with 6000 nanoseconds of pulse time separation almost resembles with the energy
spectrum without pileups implying that the energy spectrum is not that distorted.
The FWHM with 6000 nanoseconds is 3.45 keV.
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5 Discussion

There are several limitations in this method. First of all, the most obvious limitation
of this methodology is that it only works for pulses with two pileups. In reality pulse
pileups can be more than 2, thus this method has little to no practicality. But if
modified, this algorithm could detect three pulses if not just either the left or right
pulse is recorded, but both are as long as they are above the energy threshold of the
HPGe detector.

Secondly, the theoretical value at which the pulse pileup can be distinguished should
be approximately 2.5 microseconds, however as shown in the results section, the
mean energy starts to increase when the pulse separation goes below 4 microseconds.
This happens when the trapezoidal algorithm not being able to distinguish between
the two pulses. This may have been caused by flaws in the trapezoidal algorithm.
The data is usually analyzed using the room program, thus limited literature is
available for python algorithms. But since these literature values were obtained
using better equipment and in ideal conditions, it may not be a viable comparison
as the scale of the experiment is much smaller in this project.

Finally, due to limitations of computing power, larger ranges of pulse time separa-
tions were not possible to plot against the mean energy and FWHM. Thus if one
were to repeat or improve this investigation, python is not advised as there are other
programs which are designed to analyze this. Also a computer with larger RAM is
ideal as only 20000 waveforms were considered to construct the spectrum as it is
time consuming.

5.1 Energy resolution

The average FWHMwithout pulse pileups is 3.26 keV compared to with pulse pileups
which is 3.54 keV. This may be caused by the fact that the baseline restoration was
not done, thus pulses with higher offsets and existing pileups in the raw data were
not omitted. This possibly led to the values of the amplitudes recorded to fluctuate
causing random errors between the data which includes pulse pileups and the other
which does not include pileups.

5.2 Peaking and gap time

The optimal peaking time (750 channels) ended up inclining towards the largest
possible P value(800 channels). This also may have led to the minimum pulse time
separation that can be distinguished in the trapezoidal algorithm to increase. In-
creasing the peaking and gap time increases the pulse width, thus making it more
susceptible to pulse pileups which are harder to distinguish. This can lead to dis-
tortions in the energy spectrum such as leading to larger values of FWHM as the
trapezoidal filter detects them as one pulse. Larger peaking and gap time values also
reduces the range at which the pulse pileups can be distinguished as two separate
pulses. As expected, the ranges at which the trapezoidal filtering can detect two
pulses in a situation where pileups occur decreased.
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5.3 Energy calibration

Another limitation of this project was that it only uses 60 Co as a calibration source,
leading to vague linear representations of the relationship between the energy in keV
and the peak centre. Ideally, using multiple photon/radioactive sources with various
photopeaks such as Cs-134 would be desired as more points can be included in the
linear relationship while calibrating, thus a more accurate linear relationship can
be extracted [16]. That way the parameters of the linear expression will be more
accurate.
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6 Conclusion

As a conclusion, through trapezoidal filtering, it is possible to detect the energy of
two pulses when piled up together. The signal had to undergo a series of corrections
to account for: ballistic deficits, pulse pile up and noise reduction. These were done
using the step filter function, trapezoidal filter and moving average filter respectively.
The data included 111837 waveforms with each waveform spanning 5000 channels
where each channel spans 4 nanoseconds. In order to investigate the effects of
pileups, it was required to artificially construct pileups by adding the signals together
with varying pulse time separations between 3000 to 6000 microseconds. The FWHM
without pileups is found to be 3.26 keV, whereas the FWHM is 3.54 keV without
pileups. From the data extracted, a minimum of 4000 nanoseconds of pulse time
separation is required for the pulse separation in order to accurately measure its
energy without distortion of its spectrum. The optimal value of the P and G values
are known to be P = 750 and G = 140.
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7 Appendix

7.1 FWHM and mean energy against pulse time separation
values

Pulse time separation(ns) 3000 4000 5000 6000
FWHM (keV) 6.09 3.48 3.70 3.45

Mean energy (keV) 1176.03 1173.05 1173.48 1173.37

Table 1: FWHM and Mean values (keV) against the pulse time separation (nanosec-
onds)
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