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Abstract
The position resolution, of α-particles, achievable with a 40cm long plastic scintillator DAQ
setup was investigated. The method used to determine the position was via the time difference of
the scintillation photons, associated with a single event, arriving at the PMTs at either side of the
scintillator. Using the alpha emission of a collimated 241Am source at a known position, a function
of position against TDC data was obtained. The position resolution achieved was between 2.6cm
and 3.2cm for a single event. The error on the mean could be improved statistically by taking many
events, achieving 1mm resolution at 1000 events. The plastic scintillator detector was found to have
potential for accurate position measurement, but depended considerably on the timing-position
relationship.
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1. Introduction
1.1 The PRISM Ring
The PRISM project[1], standing for Phase
Rotated Intense Slow Muon source, is being
conducted by the Particle Physics
Experiment Group at Osaka University,
Japan. The group are constructing a machine
that will provide a highly-intense source of
muons, necessary to probe Lepton Physics[2],
namely the search for Lepton-FlavourViolating µ-e conversion at a 10-18 sensitivity
level[3,4]. A key component of this machine
is the Muon Storage Ring. PRISM Phase I,
which will begin operation with 6 FFAG
magnets[5] as opposed to the 10 of Phase II,
is underway and the Ring is undergoing tests.
One of these tests is to check the lateral Figure 1.1.1: The PRISM Phase I FFAG Ring, showing the
position of the muons as they travel through oscillatory path of the muons whose lateral position was
the ring. A detector was required to be built to desired to be measured.
examine this.
1.2 Position Resolution of Particles
One of the detector types considered for testing the lateral position resolution of the muons in the
Storage Ring was a simple Scintillator-PMT setup. A key aim of this project was, therefore, to
determine what kind of position resolution could be attained with such a detector. For the testing of
the detector, alpha particles were used, which can have a similar momentum to charge ratio as the
muon.
1.3 Outline of Method
For this project, a plastic scintillator that extended the length of a cross-section of the PRISM ring
was used. Attached to this were two PMTs allowing the lateral position of a particle to be
determined from the time difference of the signals corresponding to a single event. Another possible
method with the same setup would be to measure the attenuation of the signal at either side, and
thereafter calculate the position. Due to time restrictions only the time difference method was used,
which was thought to give more accurate results.
The scintillator setup was built to the specification of the PRISM ring dimensions, and attached to a
DAQ consisting of both a TDC and an ADC as well as the necessary preliminary units for signal
processing. The circuit logic was wired such that no matter which PMT received the signal first, the
time difference information could be obtained from one TDC channel. For testing the setup, a
collimated source of alpha particles that could be positioned accurately was produced. And for the
analysis several effects were considered, such as the Pedestal and Timewalk, as well as calibration
of the TDC. From here, using ROOT and applying cuts and gaussian fits, the particle timing and its
corresponding position resolution were attained.
Figure 1.3.1 shows an image of the detector prior to being connected to the DAQ.
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Figure 1.3.1: The PMT-Scintillator detector right after the scintillator was polished. The figure shows a 40cm long
Scintillator connected to two PMTs, all secured on a metal support. Photo taken prior to the attachment of paper rules.

2. Method
2.1 Building the Detector
A plastic scintillator 40cm long, 5cm high and 0.5cm thick was ordered to meet the dimensions of a
cross-section of the PRISM Ring. Two Hamamatsu H1161 PMTs were glued to either end of the
scintillator. The optical glue was mixed with an approximate ratio of 100:28, 2.4g Resin to 0.7g
Hardener. The attachments were fixed in place, by preparing a support to hold each component in
place. It was attempted to position the edge of the scintillator to the centre of the PMT face for the
greatest coverage. So it was necessary to rotate the PMTs, which were unevenly situated in their
casing, to have a setup that was as even as possible. The glue was allowed to set overnight, and
appeared to be firmly set the next day. When checked, the three components rotated as a whole.
To improve the optical performance of the scintillator, it was polished with a drop of ethanol and
then housed in a large box covered with optical blankets. Finally, to allow for the positioning of the
source, two rules were prepared from graph paper, 2cm tall, and then attached to each side of the
top surface of the scintillator. This enabled the positioning of the source by two reference points,
and therefore provided a more accurate and consistent orientation.
2.2 Circuit Logic
For the TDC circuit, a signal was taken from each PMT and firstly discriminated to clean the signal
and allow for the reduction of low energy background. One of the outputs of each of the
discriminators followed on to the Coincidence Unit, before which the PMT 2 signal was given
approximately a ~10ns delay. This additional delay ensured the PMT 2 signal always arrived at the
coincidence unit after the PMT 1 signal. The coincidence signal, therefore, was triggered by the
PMT 2 signal and can be seen in the timing diagram, Figure 2.2.1. Figure 2.2.2 shows the various
units and how they relate to one another.
From the Coincidence Unit there were 3 outputs. The first went to the “TDC Start”, and started the
timing of the TDC Unit. The other two went to the Dual Gate Generator, one to create a ~500ns
long signal for the ADC Gate and CAMAC trigger. The other to generate a VETO signal to halt the
output of the Coincidence Unit while the CAMAC was busy.
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Figure 2.2.1: The circuit timing, displaying diagrammatic pulses for each signal. Time runs left to right. The
figure shows how the coincidence unit signal always started on the PMT 2 signal, and shows that the TDC 0 data
contains the ΔT information.

Due to difficulties with the DAQ at one point, the VETO signal was made slightly more
complicated. It was a generated pulse started by the coincidence signal and stopped by the inverse
of the CAMAC Busy-Out signal. The effect of this configuration was perhaps only to have a VETO
signal that started earlier than the Busy-Out signal by itself.
To complete the TDC signal, the other outputs of the Discriminators were put through Delay Units,
to be within the dynamic range of the TDC, and then on to the TDC Stop – Channel 0 for PMT 1
and Channel 1 for PMT 2.
For the ADC circuit, the PMT signals were simply put through a ~150ns delay, such that their
whole pulse would be within the ADC Gate, mentioned in the above circuit.
The result of this logic was that TDC 0
data was proportional to the time
difference of the PMT signals, with the
addition of a constant due to the
inherent delays in the setup. The TDC
1 data was expected to be constant, as
it’s start and stop trigger were both
derived from the PMT 2 signal. This
data served as a check for the setup, as
well as giving an approximation of the
expected offset in the TDC 0 data.

Figure 2.2.2: Diagram of the circuit logic, showing the various
components and how they relate to each other.
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2.3

241

Am Casing

A collimated source of alpha particles was required to test the detector, so that the positions of the
events were known precisely. For this purpose, and for safe handling of the source, a casing was
made. The casing consisted of two plastic 5cm square blocks, 0.5cm thick, between which a 241Am
source was held. The blocks were screwed together, with several washers to provide padding and to
reduce pressure on the source. On the bottom block, a 1mm diameter hole was drilled, as close as
possible to the centre, and this provided the collimation.

Figure 2.3.1: Diagram of the α-casing that was produced. Shows the side view and top view,
which has had the position of the collimation hole drawn for illustration. The neat edge was one
side of the casing that was straight and acted as an accurate positioning reference.

The 241Am source had an activity of 3MBq of isotropic α radiation. From this and the geometry of
the casing, an approximate expected rate of 59 Hz was calculated. The surface of the source, S, was
1cm2 and the surface of the hole is S’, so the approximation was made as follows:
Rate =

S' "
!
! 3MBq = 59 Hz
S 4#

On the bottom block, there were three rough edges and one neat edge. It was from this straight edge
that the positioning of the source was controlled. The measured distance from the edge to the hole
was: (2.55±0.05)x10-2 m.
2.4 Separating Alpha Signal
An alpha event was expected to deposit around ~5MeV into the scintillator, compared with the
following gamma events which were expected to be an order of magnitude less in energy. In
addition a lot of low energy Dark Current events were expected from spontaneous ejection of
thermal electrons within the PMTs. Then there was the cosmic ray background, which should give
an approximately uniform distribution of energy. It was expected, therefore, that the alpha signal
should have a separate peak.
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The first ADC data was taken with the assumption that the maximum high voltage for the PMTs
was 2000V. By looking at the ADC histograms, it was clear that a lot of the energy spectrum was
not visible. There was no saturation, and there was a sharp edge at the minimum energy, due to the
discriminator, from which point the counts sloped downwards. It seemed as if half an energy
distribution was displayed. It was afterwards found that the actual maximum high voltage for the
H1161 (R329-02) was 2700V[6,7].
To separate the alpha signal, the high voltage was increased in steps of one hundred volts, until two
peaks were clearly visible, while keeping the saturation below 10%. This also resulted in a large
increase of low energy events, leading to a rate that the DAQ setup could not cope with. However,
this was necessarily resolved by adjusting the discriminator levels such that the majority of the low
energy peak was excluded. The discriminator levels were increased until a reduced event rate of
around ~1kHz was observed from each PMT.
2.5 TDC Calibration
The position and resolution of the particle could be determined from the TDC bin units, however in
order to calculate the effective light speed in the scintillator, and for other sanity checks, it was
necessary to calibrate the TDC units into seconds. This was done quickly by measuring and
preparing 4 delays with an oscilloscope, and then connecting this to the DAQ to determine which
bin these delays corresponded to. A linear fit was applied to the 4 points, giving the calibration
equation:
TDC 0 (ns ) = [ 0.0267 ± 0.0007 ][ TDC 0 (bin) ] + [ 47.2 ± 0.7 ]

It was difficult to obtain a high level of accuracy for the TDC calibration, as there was a 1-1.5ns
error on the delay measurements. This was due to the delayed signals becoming attenuated and the
edges of the pulse becoming increasingly sloped with larger delays. This was further complicated,
as the level of the internal discriminator of the TDC unit was unknown. It was most likely 10% or
90% of the peak voltage, but it was unknown which. This equation could be improved by preparing
accurate delays, with knowledge of the TDC internal discriminator, and also by taking more data
points.
2.6 ADC Pedestal
Since the ADC data was collected by integration over a time window defined by the ADC Gate, and
since there was a background present, all the ADC data was offset by a constant, the Pedestal. The
value of the Pedestal was found by using a clock generator to trigger the CAMAC and produce the
ADC gate. Random data was taken at around ~100Hz, which produced a low energy Pedestal Peak
in the histogram. A gaussian fit was applied to these peaks in the ADC0 and ADC1 data and the
Pedestal values were found to be:
ADC0 Pedestal = (1.373±0.019)x102
ADC1 Pedestal = (1.066±0.010)x102
The units of these values were the ADC bin units. These offsets were subtracted from ADC data,
which was necessary for any measurements that could be proportional to the ADC data, such as the
Timewalk effect.
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2.7 Timewalk
A preliminary measurement of the position resolution was made from the TDC data. One sigma of
the TDC data peaks were found to correspond to about ~3cm. This was a little wider than expected,
and it was thought that the Timewalk effect could account for it. In the end, including the Timewalk
effect marginally reduced the position resolution achievable, however, the method taken was as
follows.
The Timewalk effect is an offset from the true timing and depends on the discriminator, and pulse
height of the PMT signal. The discriminated signal is a square pulse, whose timing begins from the
time the pulse passes the threshold level. If there were two coincident pulses differing only in pulse
height, then the timing for each would be different as the pulses reach the discriminator level at
different times. However, both of these signals are offset from their true timing. Taking the
Timewalk effect into consideration gives the true timing of the TDC signals.
Simplifying the geometry of a pulse to be a
triangle, a good approximation was made for the
offset in time. By considering the “similar
triangles” the offset was taken to be:
"t =

!
ADC

Where α was a constant of proportionality
associated with the geometry and equal to the
threshold multiplied by “a”, see Figure 2.7.1. The
time was, therefore, related to the true time by the
following equation:

t = ttrue +

"
ADC ! Pedestal

Additionally in the equation above, the Δt term
was modified to correct for the pedestal, and the
root taken. Taking the root of the corrected ADC
signal was thought to give a better adjustment for
the Timewalk effect in general. The constant of
proportionality, α, was found by plotting the time against the inverse of the corresponding ADC
signal, in such a way to match the equation above. From this, a Profile was taken in ROOT. In this
plot, there appeared to be two gradients. One overall gradient with the points distributed sparsely,
and at the centre a more dense distribution with a seemingly different gradient. It was the latter
gradient that was taken as the value for α. This was thought to correspond to the alpha events. The
Timewalk effect constant was measured for one channel at a time by taking a slim cut at the peak of
the ADC of the other channel. The α values were measured as:
Figure 2.7.1: Geometry considered for the Timewalk
effect. The large pulse has been labelled, with the
smaller pulse demonstrating the magnitude of the
effect. “th” was the threshold, and “a” the time from
the start of the pulse to the peak.

αadc0 = (2.11±0.16)x103
αadc1 = (2.91±0.09)x103

Page 8

of 16

Lateral Position Resolution in the PRISM Ring Using a Plastic Scintillator, Thomas McLachlan

When the TDC data was corrected for the timewalk effect, 1σ of the gaussian did decrease.
However, the relative distance of any two peaks at two positions, in TDC units, also decreased. This
meant that any TDC bin interval corresponded to a larger distance. The net effect, then, was that the
reduced 1σ from including the Timewalk effect corresponded to a poorer position resolution. For
this reason, the Timewalk correction was excluded.
2.8 Position and TDC Data
To determine the position resolution, TDC data was collected for various positions of the α-source.
With the sharp edge of the α-casing and the two rules on the scintillator, it was possible to position
the source accurately – within 0.5-1mm. The sample positions taken were at the centre of the
scintillator and at ±5cm, ±10cm, and ±15cm. For each position, more than 35 000 events were
acquired.
The high voltage settings used were channel 1 at 2350V and channel 2 at 2000V. These were
chosen such that there were distinguishable α-signals, and such that the signals were of similar
magnitude. However, it was difficult to choose a suitable high voltage for the latter condition. The
PMTs appeared to have considerably different responses. They had quite different gains, and the
consistency of the pulse heights observed from each PMT differed. PMT 2 had quite a consistent
pulse height, varying mostly within a small range. The pulse heights in PMT 1 seemed to vary more
over a larger range than PMT 2. By using the signal persist function of the oscilloscope, the chosen
high voltage values above seemed to be a good compromise.
The DAQ and associated program produced one line in a text file per event. In each line, 6 columns
were output: an arbitrary number (depreciated); event number; TDC0; TDC1; ADC0; and ADC1.
ROOT was used to interpret the text file, and analyse the data.
3. Analysis
3.1 Understanding of the Histograms
As an initial step, the meaning of the histograms was considered. Figure 3.1.1 shows some
histograms for the source positioned at the centre of the scintillator and prior to applying any cuts,
with some annotations conveying the meaning of the distribution.

Figure 3.1.1: Three histograms with the source positioned at the centre of the scintillator. The leftmost is TDC0 and
contains the Δt data. The middle is one of the ADC histograms, ADC1, as this more clearly demonstrated the features.
The low energy peak has been cut out necessarily to allow the DAQ to function. TDC1 is on the right.
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The ADC histograms, with a suitable high voltage that covers a reasonable range of energies,
should have 3 peaks. The lowest energy “peak” had the greatest number of counts and was thought
to be due to effects such as electric noise, dark current, and γ-events. This peak was necessarily cut
out of the used data run, as the DAQ event rate was too high with it included. The second peak,
with the second greatest counts, was the separated α-events. This was separable as the energies
involved should be of an order of magnitude larger than the effects seen in the first peak. And the
highest energy peak was the saturation peak, or all the events corresponding to an energy beyond
the sensitivity of the ADC. This peak was kept smaller than the second, meaning there should be
less than 10% saturation. Following the second energy peak, a long tail was visible leading to the
saturation peak. This was thought to be due to cosmic ray events occurring across the length of the
scintillator.
The TDC0 histograms, prior to applying cuts on the corresponding ADC signal, had an
approximately uniform base of counts. From this base, a peak extended at a location that depended
on the position of the source. The interpretation of this was that the uniform base gave the “shape”
of the scintillator and was due to valid cosmic ray events occurring over the full length of the
scintillator. The peak, however, was due to the events relating to the α-source. This was clear from
the fact that when the source was very close to one PMT, its peak resided on one side of the base;
when the source was moved close to the other PMT, the peak moved to the other side of the base.
On the other hand, the TDC1 histograms had few discrete single channel peaks, residing next to
each other. This confirmed the TDC1 signal to be more or less constant, as expected.
3.2 ADC Cuts and Gaussian Fit Limits
For applying the ADC cuts and gaussian fit limits, a
guideline was followed such that there would be
consistency in the analysis. The location of both the
cuts and limits were taken as the x-axis values
corresponding to the y-value at 30% of the peak height
value. For the cuts, this mostly excluded unwanted
events and kept most of the events of interest. As some
unwanted events would still remain on the TDC
histogram after applying the cuts to the ADC histogram,
the gaussian fit limits were taken by the same
guidelines.
3.3 Recovering ΔT in Seconds

Figure 3.2.1: Cut and limit guidelines.

The difference in time was required in seconds, mainly, to be able to calculate the effective light
speed in the medium. This was done, firstly, by using the TDC calibration equation to translate the
TDC data into nanoseconds, and then seconds. However, this data had a constant offset due to the
delays in the circuit logic, which were required to contain the ΔT data in one TDC channel and to be
within the dynamic range of the TDC unit.
The ΔT was recovered by plotting the position against the TDC data in seconds, and by assuming
that ΔT should be 0 at the centre of the scintillator. Since position in this plot was taken from -20cm
to +20cm, the time offset should be the time where the linear fit crosses the x-axis. The time offset
was subtracted and ΔT was recovered in seconds. The time offset was 54.5ns.
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3.4 Effective Light Speed in the Scintillator
Since the photons in the scintillator were travelling in a medium, and since they generally do not
follow a straight path to the PMTs, an effective light speed was considered for the scintillator. This
was the speed of light, assuming a direct path to the PMTs. It was an interesting property to
measure, and also served as a check of the system. To find this speed, the variables were defined as
shown in Figure 3.4.1.

Figure 3.4.1: Diagram showing the geometry for the calculation
of the effective light speed in the scintillator. The light region
between the PMTs is the scintillator, and the star corresponds to
an event.

Where L was the length of the scintillator; x the distance from PMT 1; t1 the time the photons take
to reach PMT 1; and t2 to reach PMT 2. Then t1, t2, and their difference was defined as:

x
v
L! x
t 2 = t0 +
v
t1 = t0 +

"T = t1 ! t2 =

2x ! L 2
L
= x!
v
v
v

So the effective speed of light, v, could be calculated from the gradient of the plot of ΔT in seconds
against position, x, as defined above.
4. Results
4.1 Position Against ΔT
The α-source was positioned accurately, to within 1mm, and the corresponding timing measured.
By applying a linear fit to the data, an equation was obtained that should be able to give a
reasonable measurement of the position from the timing, given sufficient events have been collected.
A graph of position in metres against ΔT in seconds for the 7 positions on the scintillator is shown
in Graph 4.1. The position was defined in the same way as the geometry of Figure 3.4.1.
As ~20000 events were collected for each point, a small error on the mean of ~0.2mm was expected.
So the linear fit was expected to go through every point. However, at positions 0.15m and 0.25m,
the associated delay was longer than predicted from the fit equation. The fit equation at these
positions, would calculate a position off by around ~5mm.
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Position(m) Against ! T(s)
0.400
Position Against dT
0.350

Distance from PMT 1, x (m)

Polyfit (linear)

0.300
0.250
0.200
0.150

x(m) = (4.428±0.057)×107 ⋅ ΔT
+ (0.1949±0.0013)

0.100
0.050

-4.0E-09

-3.0E-09

-2.0E-09

-1.0E-09

0.000
0.0E+00

1.0E-09

2.0E-09

3.0E-09

4.0E-09

Difference in Time of PMT signals, ! T (s)
Graph 4.1.1: Distance from PMT 1, x, in metres against ΔT in seconds. Each point was the mean of a gaussian of
~20000 events. For the events collected, a 0.2mm error on the mean was expected. The linear fit equation is shown at
the bottom right.

The plot suggests that perhaps there was some unexpected behaviour close to the centre of the
scintillator, since there was a longer delay at both positions. Perhaps the relationship between the
timing and position may have been cubic or higher order. It is also possible that the longer delays
were coincidental, and could be checked by taking repeated measurements.
The equation gives the position accurately for most of the positions, but perhaps for around ~7cm
about the centre of the scintillator, an error on the position of up to 5mm can be expected. Table
4.2.1 shows the difference between the position predicted by the fit equation and the actual position.
The equations for the position from the timing in seconds, and TDC units were:
xmetres = (4.428 ± 0.057) # 107 " $Tsec onds + (0.1949 ± 0.0013)
xmetres = (1.181 ± 0.015) # 10! 3 " TDC 0bin ! (0.1257 ± 0.0044)

Data for only 7 positions were taken, and within these there was some evidence for possible nonlinear behaviour. This should be investigated by taking data at more points along the scintillator.
Especially if a conversion equation from timing to position is required. Possible explanations for the
non-linearity could be due to the attenuation of the photons being an exponential decay as it
propagates through the scintillator, and thereafter altering the PMT pulse and therefore timing.
Photons from an event occurring off-centre have differing distances to travel through the scintillator
for each PMT. This could perhaps account for non-linear timing. However, the timing position
relationship was approximately linear and was good within a ~5mm accuracy.
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4.2 Position Resolution
The position resolution was one of the key results to be investigated for this project. It was
measured by collecting many events at one position then finding 1σ of the distribution. This 1σ
corresponded to the uncertainty in a single event. As many events were collected, the error on the
mean was improved statistically. The following equation was used to calculate the uncertainty on
the mean, where N was the number of events:

Error on the mean =

!
N

Calculated from Equation (m)
Error on the Mean (mm) for Events
Difference (mm)
x
20 000
10 000
1 000
1σ
0.05
0.0515
0.0319
1.45
0.23
0.32
1.01
0.10
0.0999
0.0283
0.13
0.20
0.28
0.90
0.15
0.1459
0.0319
4.07
0.23
0.32
1.01
0.20
0.1991
0.0295
0.93
0.21
0.30
0.93
0.25
0.2558
0.0272
5.76
0.19
0.27
0.86
0.30
0.2995
0.0260
0.54
0.18
0.26
0.82
0.35
0.3479
0.0283
2.12
0.20
0.28
0.90
Table 4.2.1: The position on the left was the accurately positioned location of the source. The 2nd and 3rd columns give
the distances calculated from the linear fit equation, with the 4th giving the distance this differs from the actual position.
The last 3 columns illustrate how the error on the mean improves with number of events.
Position (m)

As can be seen in table 4.2.1, 1σ calculated from the TDC data corresponded to a 2.6-3.2cm
uncertainty on a single event. The last three columns of the table display the error on the mean
expected for three different population samples: 20,000; 10,000; and 1,000 events. This gives an
idea of the position resolution achievable depending on the number of events taken.
The difference column gives the difference of the position predicted by the fit equation, and that of
the actual position that was placed to better than a 1mm accuracy. The way the magnitude of this
difference varies over the scintillator is curious and appears to make an “S” shape, which further
suggests a non-linear relationship between the timing and position.
An increasingly better position resolution can be achieved by increasing the number of events taken.
However, a more accurate relationship between the timing and position would be required to
maintain this resolution. If this relationship is assumed to be linear, the resolution could be reduced
to ~5mm in places.
4.3 Effective Light Speed in the Scintillator
The effective light speed in the scintillator was calculated with some simple geometry and a plot of
ΔT, in seconds, against the distance of the source from PMT 1, in metres. It was assumed that the
effective light speed in the scintillator was constant for this measurement. A side reason for
measuring this quantity was as a sanity check, and to confirm the setup was operating as expected.
Therefore, from the plot the effective light speed was derived both from the gradient and the
intercept. The plot is shown in Graph 4.3.1.
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Difference in time of PMT signals, ! t (s), Against Position, x (m)
4.00E-09

Difference in Time of PMT Signals, !" (s)

dT Against Position
3.00E-09

Polyfit (linear)

2.00E-09

1.00E-09

0.00E+00
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-1.00E-09

ΔT(s) = (2.257±0.029)×108 ⋅ x(m)
– (4.394±0.065)×10-9

-2.00E-09

-3.00E-09

-4.00E-09

Distance from PMT1, x (m)
Graph 4.3.1: Plot of the difference in time of the PMT signals against the distance of the source from PMT 1, the
equation of the Polyfit linear fit is given in the box in the bottom right. The effective light speed was calculated from the
gradient and intercept given in the fit equation.

The equation for the fit is given in Graph 4.3.1, the gradient and intercept was used to calculate the
velocity, giving:
v gradient = (8.86 ± 0.11)! 10 7 ms "1
v intercept = (9.10 ± 0.13)! 10 7 ms -1

These velocities correspond to an “effective refractive index” of about ~3.4. A typical value for the
refractive index of a plastic scintillator is about ~1.58. So the effective light speed appeared to be
halved, beyond the effects of the material. This seemed a bit slow, however, it was what the data
showed and was a conceivable effect. Furthermore, the effective speed of light was unlikely to be
constant, but may vary slightly with a dependency on the position of the event. If this were the case,
a more complicated derivation of the velocity would be required, beyond the simple geometric
assumptions of section 3.4. In any case, these speeds were not unthinkable and so suggested the
setup was likely to be operating correctly.
4.4 Recovery of the Scintillator Length
As a further sanity check on the results obtained it was attempted to recover the length of the
scintillator from the previously calculated effective light speed, using the same geometry. The speed
Page 14

of 16

Lateral Position Resolution in the PRISM Ring Using a Plastic Scintillator, Thomas McLachlan

calculated from the gradient was used as this was thought to be more reliable. The intercept was a
lot more sensitive to the adjustments made, necessary to recover ΔT from the TDC0 data. However,
in order to calculate the speed from the intercept, the scintillator length, L, was assumed to be 0.4m.
The fact the two speeds were within reasonable agreement already suggests the geometry and setup
work well. In any case, L was calculated as:

L = (0.3893 ± 0.0075)m
This value was in fair agreement with the actual dimension of 0.4m (3.2mm out with the error).
Perfect agreement was not expected, as this value was calculated from the interception of the fit
equation, which is a sensitive quantity. The geometry used was also an approximation. However,
this was a nice result and supported the setup and suggested the data was in good shape.
5. Discussion
There were multiple difficulties encountered during the project. Several PMTs were used before
finding a pair that produced a functioning detector. The ones used in the final setup produced the
results shown in this report. When the output of each was viewed through an oscilloscope differing
responses, beyond the gain, were observed. As the models were the same, this suggests that one or
both of the PMTs were not operating at 100%. This could be remedied by using newer, more
accurate PMTs, which could produce a greater resolution for a single event and would therefore
require less statistics.
The TDC calibration was limited to an accuracy of 1-1.5ns. However, this could be resolved by
producing precise and accurate delays with a sharper pulse edge. Perhaps the delayed signals could
be passed through a discriminator with a low threshold, where the timewalk effect is minimal, and
thereafter measure the delay with the TDC.
The Timewalk effect was unaccounted for in the data. When applied, a reduced position resolution
was observed. However, it may not have been applied correctly. The ADC data was taken to make
the corrections. This data corresponds to the area of the pulse and will be proportional to the pulse
height, but is not the pulse height itself. In any case, this effect is worth reconsidering.
Finding a good fit for the timing-position relationship proved difficult. The data was very linear, but
the assumption of a linear fit resulted in a reduction of the position resolution. It was thought that
the non-linearity of the relationship was related to effects within the scintillator. D. Bollini et al. [8]
stated that the position resolution depended strongly on the distance between the PMTs due to the
scintillation light being absorbed in the plastic medium. This resulted in fewer photoelectrons being
produced in the PMTs and therefore a reduced resolution. With the setup of this project, further
losses of scintillation light were expected from reflections and light escaping as well as the
dimensions of the scintillator used being considerably larger than those of D. Bollini’s experiment.
In this situation, a higher position resolution can be obtained by a fine calibration of the timingposition relationship.
6. Conclusion
The main aims of this project were to build a plastic scintillator detector and then determine what
kind of position resolution could be achieved with it. The detector seemed to function correctly.
Several checks were made, and the data was found to relate quite closely to the expected geometry
of the events. The position resolution achievable for a single event was between 2.6cm and 3.2cm.
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The Timewalk effect did not seem to improve this result. However, the position resolution could be
improved statistically, reducing the error on the mean by increasing the number of events taken. A
position resolution of approximately ~1mm could be achieved with 1000 events.
To further improve the resolution for the same number of events, the setup would have to be
enhanced. One possibility would be to use new PMTs, as the ones used in this setup were found to
behave considerably differently despite being the same model.
The timing-position relationship was found to be approximately linear. However, due to effects
within the scintillator, assuming a linear relationship could reduce the resolution to ~5mm. To
obtain accurate positioning from the timing, this relationship would need to be investigated further.
In addition a larger scintillator, which may be required for the final PRISM Ring, can be expected
to have a less linear relationship and that would also have to be looked in to.
The main limiting factor in using a plastic scintillator appears to be the increased loss of
scintillation light with increased scintillator length. If a highly accurate resolution is required,
perhaps the timing-position relationship could be finely calibrated and combined with large
statistics. Alternatively, other detection methods could also be considered.
The plastic scintillator detector has potential for precise measurement of position with good
resolution, but is quite dependent on the timing-position relationship.
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