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Abstract

This work is part of a JRC Exploratory Research project to develop an active shield that is
used to reduce the background due to cosmic radiation in a low-level nuclear waste
detection system. The shield consists of an array of plastic scintillators surrounding the
detection system.

Commercially available plastic scintillation detectors with different thicknesses were
characterized for their response to gamma rays, neutrons and muons. Response
functions to gamma rays were determined by measurements with radionuclide sources
in the energy range from 0.6 MeV to 6.0 MeV. Neutron response functions were
measured at mono-energetic neutron beams produced at the Van de Graaff accelerator
of the JRC Geel (B) and were derived from results of time-of-flight measurements at the
Van de Graaff accelerator of the INFN Legnaro (I). From the response functions for
gamma rays and neutrons, light output and resolution functions for protons and
electrons were derived.

Experimental response functions for muons were determined with the detectors
positioned at different orientations. The muon peak is more pronounced in horizontally
oriented detectors. Using a scintillator with a minimum thickness of 20 mm a signal
caused by the detection of a muon can be separated from events due to natural gamma
ray background.

For detectors that are stacked, signals caused by the detection of muons can be
identified based on a coincidence pattern. Hence, requirements on such a coincidence
pattern together with requirements on the light production are effective as parameters
for the veto system to be designed.



1 Introduction

Non-destructive methods to characterize a-active nuclear waste strongly rely on the
detection of neutrons. Neutron emission by o-active waste is caused by spontaneous
fission, (a,n) reactions on light nuclei and multiplication of neutrons by neutron induced
fission reactions. When nuclear fission occurs a group of prompt fission neutrons is
emitted simultaneously. These neutrons have an energy distribution, which in first
approximation follows a Maxwellian distribution with an average energy in the order of
2 MeV. The number of emitted prompt fission neutrons, often referred to as multiplicity,
is characterised by a statistical distribution. In an (a,n) reaction only one neutron is
emitted. The difference between the neutron multiplicity of neutrons resulting from
fission and an («,n) reaction can be used to distinguish between them.

Waste characterisation systems consist mostly of a moderator surrounding a neutron
detector that is sensitive to low energy neutrons, in most cases a proportional counter
filled with He gas. The detection system is connected to a signal processer that allows a
multiplicity analysis of neutrons that are correlated in time. The pioneering work of such
an analysis has been carried out by Hage and Cifarelli at JRC Ispra (I) [1], [2], [3]. They
developed analytical expressions to link the total spontaneous fission rate, the ratio of
(a,n) neutrons to spontaneous fission neutrons, the multiplication and detection
efficiency to the experimental observables. The result of such a multiplicity or neutron
correlation analysis can be used to determine the amount of Pu in a drum containing
nuclear waste.

The data analysis can strongly be hampered when spallation reactions are induced in the
waste and/or materials surrounding the detection system. Such spallation reactions can
be induced by high-energetic atmospheric muons. They are followed by the emission of
neutrons with a relatively high multiplicity. Hence, it is difficult to separate them from
prompt fission neutrons. Since an increase of the amount of material around the
detector would increase this contribution, passive shielding is not recommended.
Therefore, an active shield is proposed that consists of an array of plastic scintillators
surrounding the measurement setup. The idea is to inhibit the treatment of a signal
observed in the neutron detector, once a muon enters the system from outside and is
detected in the plastic scintillators. This concept of the JRC Exploratory Research project
"IntelligentShield" is illustrated in Figure 1.
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Figure 1. Schematic representation of a waste assay system based on neutron detection (left). A system
surrounded by plastic scintillators is shown on the right. The scintillator detectors are used to inhibit the
detection in the waste assay system when atmospheric muons or neutrons from outside the system are
detected in the scintillators.



In this work the main characteristics of plastic scintillators to be used as veto detectors
are studied. A set of commercially available EJ-200 plastic scintillators with different
thicknesses were characterized for their response to gamma rays, neutrons and muons.
Response functions for neutrons were obtained from experiments with mono-energetic
neutrons at the Van de Graaff accelerator of the JRC at Geel (B) and time-of-flight
measurements at the Van de Graaff accelerator of the INFN in Legnaro (I). The response
to gamma rays and muons were determined at JRC Geel (B) by measurements with
radionuclide sources and background measurements, respectively.



2 Properties of EJ-200 scintillators

The performances of six rectangular EJ-200 plastic scintillators with different
thicknesses, purchased from SCIONIX, were investigated. Each scintillator has a length
of 40 cm and a width of 30 cm. Of the six plastic scintillation detectors that were used,
two have a thickness of 12.7 mm (serial numbers SFQ 537, SFQ 538), two of 20 mm
(SFQ 539, SFQ 540) and two of 25 mm (SFQ 541, SFQ 542). Their characteristics are
summarized in Table 1 [4]. A technical drawing of the SFQ 538 (12.7 mm) plastic
scintillator is shown in Figure 2.

The scintillators were coupled to a cylindrical 51 mm diameter photomultiplier tube
(PMT, ET Enterprises 9214B series) [5]. The technical specifications of such a PMT
(9214B series) are listed in Table 2. The optimum operating voltage of the detector
response for gamma ray sources was given by a test sheet from SCIONIX for each
detector and was slightly adjusted for an easier analysis of the measurement results.
Two signals were provided: one from the anode and one from the last dynode before the

anode. The PMT was powered with a portable high voltage supply, FAST ComTec model
SHQ 222M.

To match the rectangular shape of the scintillator with a circular PMT a light guide is
needed. The light guides for the EJ-200 detectors were made out of
polymethylmethacrylate (PMMA). Their properties are specified in Table 3 [6], [7].The
scintillators and light guides used in this work were wrapped in black vinyl to prevent
penetration of light from the environment.
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Figure 2. Technical drawing of a 12.7 mm thick EJ-200 plastic scintillator.



EJ-200 physical and scintillation constants

Light output in % relative to anthracene 64
Scintillation efficiency, photons per 1 MeV e’ 10000
Wavelength of max. emission, nm 425
Rise time, ns 0.9
Decay time, ns 2.1
Pulse width, FWHM 2.5
Number of H atoms per cm3 5.17 x 10?2
Number of C atoms per cm3 4.69 x 10%?
Number of electrons per cm3 3.33 x 102
Density, g/cm?3 1.023
Polymer base polyvinyltoluene
Organic fluors, % 3

Table 1. Technical specifications of the EJ-200 plastic scintillators characterised in this work. Data are taken
from [4].

Photomultiplier properties

Active diameter, mm 46
Quantum efficiency at peak, % 30
Luminous sensitivity, pA Im™ 70
Single electron rise time, ns 2
Single electron FWHM, ns 3
Multi electron rise time, ns 3
Multi electron FWHM, ns 4.5
Transit time, ns 45
Weight, g 160

Table 2. Properties of the PMT (9214B series produced by ET Enterprises) that was coupled to the EJ-200
scintillators. Data are taken from [5].

General light guide properties

Specific gravity, psample/PH20 1.19
Refractive index, np (436 nm) 1.492
Refractive index, np (589 nm) 1.502
Softening point, °C 96
Number of H Atoms per cm? 5.73 x 10?2
Number of C Atoms per cm? 3.58 x 10?2
Number of O Atoms per cm? 1.43 x 10%
Number of Electrons per cm? 3.86 x 1023

Table 3. Properties of the light guide. Data are taken from [6], [7].
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3 Data acquisition

The anode and dynode output of the PMT were directly connected to a DT5730B or
DT5751 digitizer from CAEN. The 5730B digitizer has a resolution of 14 bits and a
sampling rate of 500 MS/s on each channel [8]. The CAEN DT5751 digitizer samples the
signal at a rate of 1 GS/s with a 10 bits resolution. Figure 3 shows a schematic
representation of the full system.

digital data acquisition system

computer
detector memory
—h ADC fep TPCA/ Lplinterfaceld
DSP . )
S
\Iist»mode data
radiation bias analog-to-digital extraction of pulse Ej ]
voltage conversion characteristics: header
e energy timestamp |pu\se height|...
o timestamp timestamp_[pulse height [...

timestamp |pu\se height |

Figure 3. Digital data acquisition system acquiring data in list mode.

The data acquisition and pre-processing was executed by the digitizer and the associated
firmware Digital Pulse Processing — Pulse Shape Discrimination (DPP-PSD). A detailed
description of the acquisition algorithm can be found in [8]. An example of a detector
signal together with the parameters used to analyse the signal is shown in Figure 4.

Short gate

Long gate L

Baseline

Time
»
-

Timestamp

Figure 4. Representation of the signal acquisition logic in the DPP-PSD firmware of the CAEN module. Taken
from [8].

A detected signal is sampled by an analogue-to-digital converter. The firmware
calculates a baseline as a moving average of samples. When the sample value exceeds
the baseline by the trigger threshold, the pulse is processed. All pulses below this trigger
level are not processed. When the pulse is processed, its timestamp is kept, and two
gates with different adjustable widths are opened. The gates open a certain time (pre-
gate) before the trigger. The signal samples are integrated (summed) along the gate
width, which results in two integrated charges, Q, and @, for the short and long gate,
respectively. The signal Q, obtained with a gate length of 200 ns was used for the
characterisation of the detectors.

The trigger time tag together with the integrated charges Q, and Q, are written into a
binary output file. The binary list-mode output file is converted with ROOT to a root file.
ROQT is an object-oriented framework for data analysis and visualisation written in C++
and developed by CERN. ROQT is used in this work to process the measured data files,
generate histograms, make data selections, perform fitting, etc.[10].
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4 Data analysis

To determine the light output function f(ECp) and resolution function 62, for both

electrons and protons a procedure similar as in [11] and [12] was applied. The
measured response N, was compared with the theoretical one N, using a weighted

least squares fit procedure. The theoretical response is expressed as:
Ny (L) = CffRZ(L, Ecp)Ry(Ecp E) - ®p(E) - dE,, dE (4.1)

For the analysis of the spectra obtained from gamma rays, the response R, was derived
from Monte Carlo simulations using MCNP [13], while for the analysis of the spectra
obtained from neutron measurements a simple rectangular distribution was supposed.
The function R, was parameterised by a Gaussian distribution:

_ ‘(L‘f(Ecz?))z
1 e 207 (4.2)

2 )
2mof

R, (L' ECp) =

where the light output function f(ECp) depends on the energy of the charged particle E,
and resolution function ¢? on the light that is produced by the charged particle. Ideally
f(Ecp) and of are directly proportional to the energy E,. Both the light output and
resolution function are characteristic for each individual detector type and geometry
[14], [15]. Light output functions have been extensively studied for a variety of
scintillators of different type and size [15]-[20]. They strongly depend on the type of
charged particle creating the light pulse [14], [17], [18].

To determine f(ECp) and ¢f for a particular E,, from the experimental response to mono-
energetic gamma or neutron beams a least squares adjustment can be applied in the
high light output region. For the response to a mono-energetic gamma ray, this region is
limited to the light output produced by the electrons with an energy around the Compton
edge. For the response to neutrons this region corresponds to maximum light output
which is delivered by protons with an energy that equals the incoming neutron energy.
These protons result from a head-on elastic scattering on hydrogen. The parameters a
and B link the observed amplitude and the resolution by:

f(Eep) = aEep (4.3)

of = Bf(Ecp)- (4.4)

The behaviour of a and g as a function of E., determines the functional forms of f(E.,)
and o?. A not constant a versus energy indicates a nonlinear energy deposition or a
nonzero offset or both. If g is not constant it indicates that the variation of the energy
deposition is not only based on statistical processes.

For the majority of scintillators, the light output produced by electrons L, is a linear
function of the electron energy in the energy range between 0.04 MeV and 1.6 MeV
[21]-[23]. Therefore, the light output in channels is mostly transferred into an electron
equivalent light output expressed in energy units based on experimental observed light
output for electrons. At higher electron energies deviations from the linear dependence
of the light output as a function of electron energy have been reported in references
[20], [23], [24], [23]. The light output produced by charged particles, e.g. protons,
heavier than an electron is known to be non-linear [16]. Various parametric formulae
have been proposed to describe them, ranging from a semi-empirical approach based on
the specific energy loss [17]-[20], [25]-[27] to full empirical analytical expressions as a

12



function of the charged particle energy [20], [28], [29]. The formula used by Tomanin et
al. [12]:

F(Ep) =E., b +—b1EC” (4.5)
Pl EP\T T 1+ byE, ) '

is a modified version of the one used by Kornilov et al. [20]. The resolution function g2
can mostly be been parameterized by [14], [21], [30]:

of =co+ L + 12 (4.6)
This equation accounts for the independent contributions due to the electronic noise ¢,

the statistical nature of the Ilight production and amplification ¢;, and the
position-dependent light transmission from the scintillator to the photocathode c,.
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5 Determination of the response function

To characterize the EJ-200 plastic scintillation detectors, experiments in different
radiation fields were performed. The response to gamma rays was determined by
measurements with radionuclide sources. To determine the response to neutrons results
from measurements with mono-energetic neutrons were combined with results from
time-of-flight experiments. The response to muons was verified by background
measurements, i.e. measurements without radionuclide sources or neutron beams.

5.1 Response functions for gamma-rays

5.1.1 Experimental conditions

Experimental response functions for y-rays were obtained by measurements with a set of
radionuclide sources. For these experiments the SFQ 538 scintillator (12.7 mm), the SFQ
540 (20.0 mm) and the SFQ 542 (25.0 mm) were used. The response to four
radionuclide sources was determined. The characteristics of these sources are specified
in Table 4. The sources were placed on the detector surface in the middle of the
scintillator. The anode and last dynode signals from the PMT were connected to a CAEN
DT5730B digital data acquisition system. The high voltage of the photomultipliers was
set to -1700 V. The detectors were positioned vertically.

Fields T1/2 A EV Ec

/y / kBqg / keV / keV
137Cs 30.05 + 0.08 81 662 477
208T|(from 232Th)  (14.02 + 0.06) x 10° 4 2614 2381
21AmBe 432.6 £ 0.6 1.5 x 10° 4438 4201
238pyC 87.74 + 0.03 5.6 x 10° 6130 5884

Table 4. Characteristics of the radionuclide used used to determine the response functions to gamma rays
(half-life data taken from [31]).

5.1.2 Results

The experimental response functions obtained with the 25 mm thick EJ-200 detector
using the Cs, Th and PuC source are shown in Figure 5, Figure 6 and Figure 7,
respectively. These responses were derived from the dynode signal. The spectra were
transferred into an energy scale based on the position of the Compton edge at Ec =
5884 keV derived from measurements with the PuC source. The experimental response
functions were fitted in a region around the Compton edge with the theoretical
distribution obtained from MCNP simulations, which were folded with a Gaussian
response function as described in Section 4.

Around the Compton edge there is a good agreement between the experimental and
theoretical response functions. For the *’Cs source a good agreement is obtained down
to the light output corresponding to the electronic threshold at 250 keV. For ***Th, AmBe
and PuC the experimental response in the low energy region is higher than the
theoretical one. This is mainly due to the limitations of the theoretical response which
was only simulated for the gamma ray with the highest energy emitted from the source.

14
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Figure 5. Experimental response function for a 25.0 mm thick EJ-200 plastic scintillator resulting from

measurements with a *¥Cs source. The experimental response, derived from the dynode signal, is compared

with the theoretical response. The arrow indicates the light output corresponding to the Compton edge at Ec =
477 keV.
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measurements with a 2*Th source. The experimental response, derived from the dynode signal, is compared

with the theoretical response. The arrow indicates the light output corresponding to the Compton edge at Ec =
2381 keV.
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Figure 7. Experimental response function for a 25.0 mm thick EJ-200 plastic scintillator resulting from
measurements with a PuC source. The experimental response, derived from the dynode signal, is compared

with the theoretical response. The arrow indicates the light output corresponding to the Compton edge at Ec =
5884 keV.
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From the result of the least squares adjustments the parameters « and g defined in
Equation (4.3) and (4.4), respectively, were derived. The resulting specific light output
a, derived from the last dynode and anode signal, are compared in Figure 8 as a function
of electron energy. The results in Figure 8 illustrate that the light output derived from
both the dynode and anode signal show a non-linearity as a function of electron energy.
The linearity of the dynode signal improves with the thickness of the detector. This non-
linear behaviour coincides with a substantial difference between the specific light output
derived from the anode and last dynode. Since all light outputs were normalised to the
Compton edge for the 6130 keV gamma ray from measurements with a PuC source, one
does not expect a difference in specific light output derived from the anode and last
dynode signal. For the transformation of observed light output in terms of amplitude into
an energy scale the amplitude corresponding to the Compton edge at Ec = 5884 keV was
used.

The non-linear dependence can be related to the performance of the PMT [32] and can
be due to the applied bias high voltage. To study the effect of the bias voltage gamma
response functions at voltages of -1700 V, -1770 V and -1820 V were determined for the
SFQ 542 (25 mm) scintillator. Measurements were also carried out with an analogue
data acquisition system. The obtained light output functions were compared with those
from the measurements with the CAEN digitizers. Similar results were obtained,
indicating that the data acquisition technique has no substantial impact on the results.
Hence, the observed non-linearity as a function of applied bias voltage is most likely due
to the PMT since the light production in the plastic scintillator is not affected by the bias
voltage. It is known that this type of non-linearity is especially introduced at the last
amplification stage in the PMT, resulting in a more linear response for the signal taken at
the last dynode [32].

Table 5 reports the parameters for the light output produced by electrons based on
Equation (4.5). The light output is derived from the signal taken from the last dynode.
The parameters are given for the 12.7 mm, 20 mm and 25 mm thick EJ-200 scintillators.
Uncertainties are only due to the propagation of counting statistics uncertainties.

Parameters for L.. (12.7 mm) Correlation matrix
bo 0.743 £ 0.007 1.00 -0.86 -0.76
b, (8.30 £1.00) x 107 1.00 0.98
b, (1.50+0.75) x 10* 1.00
Parameters for L.. (20.0 mm) Correlation matrix
bo 0.730 £+ 0.006 1.00 -0.83 -0.72
by (5.90 +1.00) x 107 1.00 0.97
b, (4.60 £2.00) x 10° 1.00
Parameters for L. (25.0 mm) Correlation matrix
bo 0.719 £ 0.005 1.00 -0.80 -0.70
b, (5.75+0.85) x 10° 1.00 0.96
b, (3.35+1.50) x 10° 1.00

Table 5. Parameters of the light output function of electrons based on equation (4.5). The parameters are
given for a 12.7 mm, 20.0 mm and 25.0 mm thick EJ-200 scintillator purchased from SCIONIX. The
uncertainties and correlation matrix were obtained by only propagating counting statistics uncertainties.

16
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25.0 mm thick EJ-200 plastic scintillator purchased from SCIONNIX. The full line represents the result of a fit
to the data using equation (4.5).
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The relative resolution as a function of light output, which was derived from the
parameters g is shown in Figure 9. The data are for a 12.7 mm, 20.0 mm and 25.0 mm
EJ-200 scintillator. The full line represents the resolution based on equation (4.6). The
parameters describing the full line in these figures have been determined from a fit of all
data points, including the data obtained from the neutron measurements discussed in
Section 5.2.
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Figure 9. Relative resolution % fora 12.7 mm, 20.0 mm and 25.0 mm thick EJ-200 scintillator purchased from

SCIONIX. The resolution AL is expressed in FWHM and the relative resolution is given as a function of the
electron light output L.
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5.2 Response functions for neutrons

5.2.1 Experimental conditions

Response functions for neutrons were determined for the SFQ 538 (12.7 mm), SFQ 540
(20 mm) and SFQ 542 (25 mm) scintillators. Data were acquired with a CAEN DT5730B
digitizer. The PMT bias voltages were adjusted to have the Compton edge due to the
detection of a 662 keV gamma ray at approximately to the same amplitude. This
resulted in voltages of -1715V, -1760 V and -1756 V, respectively.

Measurements were performed at the Van de Graaff accelerators of the JRC Geel (B) and
INFN Legnaro (I). At JRC Geel (B) the DPP-PSD control software provided by CAEN was
used. At INFN Legnaro (I), the data throughput rate to enable fully digital time-of-flight
measurements was too high for the DPP-PDS control software. Therefore, a software
developed at JRC Geel (B) was applied. To convert the light output of the scintillator into
an energy scale, measurements with a Cs radionuclide source were carried out. The
amplitude spectra were transferred into energy based on the Compton edge position at
E; = 5884keV. This position was derived from !*’Cs measurements and the ratio
L(E,- = 5884 keV)/L(E.- = 477 keV) resulting from the gamma calibration measurements.

Measurements with mono-energetic neutron beams were carried out at the 7 MV Van de
Graaff accelerator of JRC Geel (B). The d(d,n) *He reaction was used in an energy range
from 4.0 MeV to 6.5 MeV and the t(d,n) *He reaction in an energy range from 17.5 MeV
to 19.0 MeV. The deuteron energies and corresponding neutron energies are reported in
Table 6. Response functions were determined with the detectors placed at a 189 cm
distance from the target and behind a 53 cm long collimator. All measurements were
performed at 0° with respect to the direction of the charged particle beam. Figure 10
shows the experimental setup for the measurements with the SFQ 542 detector.

- .-:[ .

Figure 10. Experimental setup for the measurements at the VdG of the JRC Geel (B).

Nuclear reaction Charged particle energy Neutron energy Target thickness AEN/Ey
/ keV / keV / pg cm™ / %
d(d,n)*He 1088 4000 1900 46.6
1497 4500 26.6
1932 5000 17.0
2388 5500 12.1
2861 6000 8.9
3344 6500 6.8
t(d,n)*He 1671 17500 2012 23.5
1986 18000 17.5
2328 18500 13.4
2687 19000 10.5
’Li(p,n)’Be 4650 3000 13350

Table 6. Properties of the proton and neutron beams for the measurements at the VdG facilities of the JRC Geel
(B) and the INFN Legnaro (I).
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The 7 MV Van de Graaff accelerator at INFN Legnaro (I) was operated in pulsed mode at
a 600 kHz frequency. Protons were accelerated to an energy of 4.65 MeV. They were
directed towards a 250 pm thick metallic Li target to produce neutrons via the “Li(n,p)
reaction. The proton energy and the corresponding neutron energy are specified in Table
6. Properties of the proton and neutron beams for the measurements at the VdG
facilities of the JRC Geel (B) and the INFN Legnaro (I). Experimental neutron response
functions for a 25 mm thick EJ-200 plastic scintillator were obtained. Figure 11 shows
the experimental setup at INFN Legnaro (I). A neutron collimator was positioned
concentric with the proton beam between the target and neutron detector. The distance
between the target and detector was 172.3 cm. A 51 cm long collimator was placed
between the target and detector at 5.0 cm from the neutron producing target. The
opening diameter of the collimator was 2.6 mm.

Figure 11. Experimental setup for neutron measurements at the INFN Legnaro (I).

An example of a time-of-flight (TOF) spectrum obtained with a 4.65 MeV pulsed proton
beam is shown in Figure 12. The figure shows a sharp gamma flash peak at low TOF
values, followed by a neutron peak. The neutron peak is followed by a tail, which is
caused by neutrons with a lower energy. TOF cuts with a 1 ns TOF window were applied
to extract response functions at given neutron energies. The corresponding neutron
energy spread is much less than the energy resolution of the light output.
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Figure 12. A time-of-flight spectrum resulting from measurement with a pulsed 4.65 MeV proton beam on a
250 pm thick solid Li-target.
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5.2.2 Results

Experimental response functions for neutrons with an energy of 4.5 MeV are shown in
Figure 13 and Figure 14 and for a neutron energy of 19 MeV in Figure 15.

The spectra were used to determine the specific light output and relative resolution for
different proton energies by a fit in the region of a maximum transfer of neutron to
proton energy. As mentioned before, for this analysis a rectangular distribution for the
transfer of neutron to charged particle energy was supposed. The results of such a fit are
shown in Figure 13, Figure 14 and Figure 15. These figures include the theoretical
response taking into account a non-linear behaviour of the proton light output. They
show, that in the region of maximum energy transfer there is a good agreement
between the theoretical and experimental response. Evidently, to describe the response
for light outputs below 1000 keV in Figure 13 and Figure 14 and below 12000 keV in
Figure 15, a more accurate model for the transfer of neutron to charged particle energy
is required. The model should include multiple interaction events and interactions with
carbon accounting for the non-linear behaviour of the proton light output.

For low energy neutrons there is almost no difference between the response derived
from the last dynode signal and the anode signal. On the other hand, there is a
substantial difference between the response for a 19 MeV neutron beam derived from
the last dynode and anode signal. The experimental response derived from the anode
signal in the region of maximum energy transfer cannot be described based on a
rectangular distribution folded with a Gaussian distribution. Apparently, also the
experimental response for a 19 MeV neutron derived from the anode signal is not
consistent with the theoretical one which includes the non-linear light output for protons.
The results in Figure 15 reveal that this discrepancy is not due to the well-known non-
linear behaviour of the light output for protons.
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Figure 13. Experimental response function for a 4.5 MeV neutron beam. The response results from the last
dynode signal of a 25 mm thick EJ-200 scintillator. The response function is fitted in the region of full transfer
of neutron to proton energy with a theoretical response function based on two light output functions.
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Figure 14. Experimental response function for a 4.5 MeV neutron beam. The response results from the anode
signal of a 25 mm thick EJ-200 scintillator. The response function is fitted in the region of full transfer of
neutron to proton energy with a theoretical response function based on two light output functions.

10 25.0 mm ° Anode
E =19 MeV = Dynode
— LD/Ep =a
0.8 |

— LJE,=b +b E/(1+b,E)

Counts / (1/keV)

0.0 . 1 . 1 . h
8000 12000 16000

Light output, L / keV

Figure 15. Experimental response function for a 19 MeV neutron beam. The response from the last dynode and
anode signal of a 25 mm thick EJ-200 scintillator are compared. The response function is fitted in the region of

full transfer of neutron to proton energy with a theoretical response function based on two light output
functions.
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From the results of the least squares adjustment the specific light output and relative
resolution was derived for different proton energies. The specific light output as a
function of proton energy for the 25 mm thick EJ-200 detector is shown in Figure 16.
One observes a difference between the results obtained from the anode and last dynode
signal. Hence, part of the non-linearity is due to the treatment of the signal and not due
to the transfer of charged particle energy into light. The non-linearity observed for
protons is mainly due to the light production process. The results in Figure 16 also show
that the light output for protons is about a factor 3 smaller compared to the one for
electrons.

The light output function was fitted using the analytical expression in Equation (4.5). The
result of the least squares adjustments are shown in Figure 16. The parameters resulting
from a fit to the data for the 25 mm thick detector are given in Table 7. Uncertainties
are only due to the propagation of counting statistics uncertainties.
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1.0 F = Dynode —— Dynode
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Charged particle energy, E / keV

Figure 16. Specific light output for electrons and protons for a 25 mm thick EJ-200 scintillation detector. The
data derived from the response functions for gamma rays are represented by o, for neutrons from the VdG
data of the JRC Geel (B) by A and for neutrons from the time-of-flight data at the INFN Legnaro (I) by o . The
full and dashed lines are the result of a fit using equation (4.5).

Parameters for L, (25.0 mm) Correlation matrix
bo 0.090 + 0.015 1.00 -0.99 -0.98
b, (5.92 + 0.05) x 10°° 1.00 0.99
b, (3.10 £ 0.06) x 107° 1.00

Table 7. Parameters for the proton light output function L, based on equation (4.5) for a 25.0 mm thick EJ-200
detector.
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The relative resolution AL—L of the 25 mm thick detector as a function of the light output L

is shown in Figure 17. In this figure the data obtained from measurements with gamma
sources and neutron beams are shown. The figure confirms that the resolution as a
function of light output is not strongly dependent on the particle type. The data were
fitted using Equation (4.5). The parameters resulting from the fit are ¢; = 25keV,
¢, = 0.001 and ¢, can be neglected.
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Figure 17. The relative resolution % as a function of the light output L for the SFQ 542 (25.0 mm) detector. The

data points are obtained from measurements with gamma-ray sources and from neutron beam measurements.
The square (o) represents the data resulting from the gamma ray measurements and the triangle (A)
represents the data derived from the response functions for neutrons. The full line is the last squares fit using
the gamma ray and the neutron data.

24



5.3 Response functions for muons

5.3.1 Experimental conditions

Experimental response functions for muons were derived from measurements without
any radiation source. They were determined with the scintillator placed vertically and
horizontally. In addition, measurements with stacked detectors were carried out. Before
running the background measurements, the high voltage for each detector was adjusted
to have the Compton edge at 478 keV at the same amplitude in the spectrum obtained
from measurements with a *’Cs source. The resulting voltages are listed in Table 8.
After matching the gain of the PMTs, the !*’Cs source was removed and three
consecutive background measurements were started for a time of almost 3 days. The
amplitude spectra were transferred into an energy scale based on the position of the
Compton edge at E. = 5884 keV. This position was derived from the results of the *’Cs
measurements together with the ratio L(E,- = 5884 keV)/L(E.- = 477 keV) resulting from
the gamma calibration measurements.

Detector Thickness HV (after matching) dE (horizontal)
/ mm /V / MeV

SFQ537 12.7 -1350 2.6

SFQ539 20 -1826 4.1

SFQ541 25 -1515 5.1

Table 8. Applied high voltage for the three detectors.

5.3.2 Results

Figure 18 shows a spectrum resulting from background measurements with a 25 mm EJ-
200 detector. In the natural background, apart from muons also gamma rays from the
decay of “°K and 2°®T| are present. They have an energy of 1460 keV and 2614 keV,
respectively. The corresponding Compton edges can be clearly observed at 1243 keV
and 2381 keV. %°T| is one of the decay products in the ?*’Th series [33], and is the
highest energy gamma ray emitter that can be expected in a normal background. No
difference in response to this gamma ray background between a horizontally and
vertically oriented detector is observed in Figure 18.

Plastic scintillator: 542
25 mm thick

-
()
©

Background
—— Horizontal
Vertical
—— MCNP6

—_—
Q

—
S
N
T

Count rate / (s” keV™")

-3 [ . 1 . 1 . 1 .
0 2000 4000 6000 8000
Deposited energy / keV

Figure 18. Response of a 25 mm detector to background radiation. The results for the detector placed
horizontally and vertically are compared. The Compton edges of the gamma rays at 1.2 MeV and 2.4 MeV due
to the decay of “°K and 2°®Tl, respectively, can be clearly observed. The peak at 5 MeV corresponds to the
energy deposited by muons passing through the horizontally paced detector. The muon peak for the vertically
placed detector is broader and appears at a higher energy. The thin line is the result of Monte Carlo
simulations for the energy deposited by muons in the horizontally placed detector.
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However, for the response to muons the orientation of the detector plays a role. The
intensity of the muon background follows a cos?8 distribution, with the angle 8 taken
with respect to the normal on the surface of the horizontally oriented detector. A clearly
distinguishable peak in the region between 4 MeV and 5 MeV can be observed. This peak
results from muons that pass completely through the horizontally oriented detector.
When the detector is positioned vertically, the peak intensity is lower as the area of the
detector appears to be smaller from the direction where the muons enter. The peak
appears at a higher energy, because muons can now travel a larger distance inside the
detector and deposit more energy. At last, the peak is also broader for the vertical
detector, since due to the geometry and the muon angular dependence, a larger spread
in their path length in the detector is expected. The response of the horizontal detector
was also simulated my means of MCNP, and shown in the figure by the thin line. The
simulated response was not folded with the resolution function, but it can be observed
that its position and shape correspond well with the observed response. This suggests
that the light output for muons is similar to the one for electrons.

Figure 19 compares the responses of the three detectors with different thickness,
oriented horizontally and vertically. The measurement time was the same for the six
measurements. As in the previous figure, the natural gamma background can be
observed at energies up to about 3 MeV. Obviously, the absolute contribution of the
natural gamma background depends on the thickness of the detector, but not on its
orientation. From the peaks corresponding to the detection of muons a specific energy
loss of about 2 MeV cm™ can be derived.

For the detectors with a thickness of 20 mm and 25 mm and oriented horizontally, the
Compton edges of gamma rays resulting from the decay of “°K and 2°®T| are clearly
visible. For the 20.0 mm and 25.0 mm thick detector, the background due to gamma-
rays is well-separated from the peak caused by the detection of muons that traverse the
detector. However, for the 12.7 mm thick detector, the energy deposited by the muon is
about 2.5 MeV, which overlaps with the Compton edge of a 2.6 MeV gamma ray. For
that detector only the Compton edge of the gamma ray due to the decay of *°K is visible.
Hence, energy discrimination between the background from gamma-rays and muons is
straightforward for the thicker horizontal detectors, but impossible for the thin detector.

10" g
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—12.7 mm
20.0 mm
100 —25.0 mm
Vertical

Countrate / keV's”

O' L L
0 2000 4000 6000 8000 10000
Light output / keV

Figure 19. Results of background measurements with EJ-200 detectors with different thicknesses oriented
horizontally and vertically. A difference in the shape of the muon peaks can be observed.

Additional measurements were performed with the three detectors oriented horizontally,
but stacked. The vertical distance between the detectors was 7 cm. The thinnest
detector (12.7 mm) was placed on top. The 20 mm detector was in the middle and the
thickest one (25 mm) was at the bottom of the stack. The results are shown in Figure
20. Obviously for the detector on top of the stack, there is no difference in response. For
the middle detector and the one placed at the bottom of the stack, the response is
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slightly lower for energies up to about 5.5 MeV for the middle detector and about 9 MeV
for the bottom detector. Above these energies, more muons are observed for the
detectors in the middle and the bottom of the stack.

This observation can be understood. As discussed earlier, muons either pass through the
detector while they deposit an energy of 2 MeV cm™ along their track, or they come to a
full stop, after which they decay into an electron, a neutrino and an antineutrino. The
105.7 MeV ¢ rest mass of the muon is then shared as kinetic energy between the three
particles. The electron will be absorbed in the detector and deposit its energy, but the
two neutrinos will escape without being detected. The absorbed energy in the detector is
higher when the muon decays than when the muon passes through the detector without
being stopped. Muons that have passed already one or two detectors have lost part of
their energy and are more likely to be stopped in the remaining detectors of the stack,

causing a slightly higher response at higher energies, and a lower response at energies
lower than 5.5 MeV and 9 MeV, respectively.
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Figure 20. Results from background measurements, with the detectors oriented horizontally, both stacked and
unstacked.
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6 Muon coincidence detection

The final application aims at developing a veto logic that disables a neutron waste
measurement system when a cosmic muon is detected. As discussed in section 4.3, this
can already be done by an energy discrimination between background gamma rays and
muons. A more effective veto system can be realised by stacking detectors and
considering in addition to an energy discrimination also coincident events.

To investigate the effect of coincident events, measurements were carried out with the
20 mm placed on top of the 25 mm detector. Since the muon travels at relativistic
speed, the difference in time of detection of the muon in the two detectors will be very
small. This is illustrated in Figure 21, which represents the time-of-flight spectrum in
which the start signal is taken from the detection of an event in the top detector and
stop of the bottom detector. The timestamp of the stop signal was delayed by 100 ns to
allow visualisation of the complete time-of-flight histogram. The resolution of the time
stamps is mainly due to the 1 ns accuracy of the digitizer.

10" ¢
10° |
10° |
10°
10° |

Counts / ns”

10? r
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10° ?III]]'IJ]IIUW'U”‘IIH]J” hamh -y

10'1 N 1 N 1 N 1 N
0 50 100 150 200

Time-of-flight / ns

Figure 21. Time-of-flight histogram resulting from the difference in time of detection of a muon event in the
top and bottom detector.

The time-of-flight spectrum shows a pronounced peak centred at about 100 ns due to
the detection of coincident muons and a baseline due to random coincidences. From
these findings, a criterion based on deposited energy and time-of-flight can be
established. A criterion for accepting an event as a muon could be:

e the energy deposited in the top detector (20 mm) is larger than 2600 keV, AND

e the energy deposited in the bottom detector (25 mm) is larger than 3300 keV,
AND

e time difference between 90 and 110 ns (after applying a 100 ns time shift).

In the final application, the threshold energies will have to be optimised as a function of
the selected thickness for the detectors.

The effectiveness of applying the coincidence requirement was demonstrated by
constructing the energy histogram for events in the top detector that cause a coincident
detection in the bottom detector (timestamp difference between 90 and 110 ns). Figure
22 shows such a histogram, together with the histogram of all the events in the top
detector.
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Figure 22. Demonstration of the effectiveness of the coincidence requirement when two detectors are stacked.

Independent of the energy, the number of events that are in coincidence is only 11%
(see Table 9). However, these are practically all muons. If we add the requirement on
the energy, one notices that 77% of the muons that travel through the top detector are

also detected in the second detector.

Energy Count rate of events Count rate of events in top detector that are Ratio
in top detector in coincidence with bottom detector (coincident/all)
/ MeV /st /st / %
E < 2600 272.0 18.3 7
E = 2600 18.1 13.9 77
Total 290.1 32.2 11

Table 9. Results of the coincidence measurements.
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7 Summary and conclusions

A set of rectangular EJ-200 plastic scintillation detectors with different thicknesses were
characterised for their response to gamma rays, neutrons and muons. The main
objective was to demonstrate their use as veto detector to reduce the impact of muon
background for waste characterisation measurements based on the detection of
neutrons.

Commercial available detectors were calibrated for gamma ray energies ranging from
0.6 MeV to 6 MeV. The results for the gamma ray measurements show that there is a
difference between the light output of the dynode and anode and a light output that is
non-linear as a function of electron energy. The difference between results obtained from
the last dynode and anode signal increases with increasing bias supply. Evidently the
observed non-linearity is mainly due to a not optimised combination of PMT, voltage
divider and recommended high voltage of the commercially available systems.

Neutron response functions were determined in an energy range from 4.0 MeV to
6.5 MeV and from 17.5 MeV to 19.0 MeV at the JRC Geel (B) Van de Graaff accelerator.
Time-of-flight measurements were carried out at the Van de Graaff accelerator of the
INFN Legnaro (I). The results of these measurements confirm that there is strong
difference between response functions derived from the last dynode and the anode.
Since the scintillators are not used as spectrometers, the performance of the scintillators
as veto detectors will not be influenced by the observed non-linearities.

From the response functions for gamma rays and neutrons, light output and resolution
functions for protons and electrons were derived. They were parameterised with
analytical functions and the free parameters were obtained from a least squares
adjustment to the data. It was shown that the light output for protons is about a factor 3
less compared to the one for electrons. The resolution as a function of light output does
not depend on the charged particle type creating the light.

From the results of the background measurements it was concluded that the specific
energy loss for muons in a EJ-200 plastic scintillator is about 2 MeV cm™. Using a
scintillator with a minimum thickness of 20 mm a signal caused by the detection of a
muon can be separated from 2614 keV gamma rays from 2°®Tl, which are always present
as a natural background component. The muon peak is better pronounced in horizontally
oriented detectors compared to vertical ones.

For detectors that are stacked, signals caused by the detection of muons can also be
identified based on a coincidence pattern. Hence, requirements on such a coincidence
pattern together with requirements on the light production are effective as parameters
for the veto system to be designed.
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DPP-PSD
FWHM
MCNP
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VvdG

Digital Pulse Processing - Pulse Shape Discrimination
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Van de Graaff
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