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Rhys Preston®”, Jan Jakubek®, Dale Prokopovich® and Josef Unher®
4CSIRO Process Science and Engineering & CS RO Minerals Down Under Research Flagship
Lucas Heights, Australia

P Centre for Medical Radiation Physics, University of Wollongong,
Wollongong, Australia

¢ Intitute of Experimental and Applied Physics, Czech Technical University,
Prague, Czech Republic

9| ngtitute of Materials Engineering, Australian Nuclear Science and Technology Organisation,
Lucas Heights, Australia

E-mail: r hys. prest on@si ro. au

ABSTRACT. We present details of the construction and chersation of a prototype thin-tile
plastic scintillation detector for use in a multiger Fast Neutron Tracker. Scintillation light is
read out using solid-state silicon photomultiplgatectors (SiPMs). The Tracker consists of
alternating scintillator and Timepix detector lagi€Fhe scintillator tile provides a hydrogen-rich
target, in which impinging fast neutrons produceoileprotons. The energy lost by protons in
the plastic scintillator are measured and recatgns exiting the scintillator are tracked in the
Timepix detector. The combination of signals frohe tscintillator and Timepix provides
information to reconstruct the energy or directadrthe impinging neutron, using calculations
based on the kinematics of the elastic neutroriesoag.

Three prototype scintillation detectors were cargtrd, using either a pair of 3x3 mm sensitive
area SPMMicro3035 SiPMs from SensL or a pair of NDABh SiPMs from Zecotek. The
detector performances were characterised using reo4moergetic proton beam. An absolute
energy calibration was measured at 3, 4 and 5 M&tbp energies with good linearity. The
best measured energy resolution was 29.8% at 5 Npédtial uniformity was assessed by
measuring the response across the detector fatalyf-ithe tile detector’s ability to provide a
trigger for Timepix acquisition in the stack configtion was demonstrated for single and
double neutron recoil events using a DT neutromcgulhe SiPM-based design was found to
be well-suited for the application of the multi4ayfast neutron tracker.

KEYWORDS Neutron detectors (cold, thermal, fast neutroRgticle tracking detectors;
Optical detector readout concepts
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1. Introduction

A Fast Neutron Tracker capable of measuring theggrend direction of fast neutrons is under
development. This detector is based on a scalablé-layer design with plastic scintillator
tiles read out using silicon photomultipliers (SiPMhe tiles are interleaved with Timepix
detectors (Figure 1). Timepix is a single-quantuaurting silicon detector. Charge pairs
produced by ionisation in the silicon layer arelexiked and digitised by an array of 256x256
readout channels with a pitch of 55 um [1]. Datquésition with the Timepix is triggered by a
signal from the appropriate scintillator.

If a fast neutron collides with a proton in the gtia scintillator, there is a certain
probability that the proton escapes from the pdasstid enters the Timepix pixel detector where
its ionisation track is recorded. The scatterednmo@ucan pass through the Timepix and further
recoil another proton in the scintillator of thexh&cintillator + Timepix detector pair. Analysis
of the proton tracks in the Timepix devices andeahergies that the protons lose in the plastic
scintillators allows calculation of the energy atikction of the original neutron [2], [3].

The multilayer design requires a highly compactiagptdetector for the readout of the
scintillation light. Silicon photomultipliers (SiP)vare solid-state optical photon detectors with a
high internal gain that provides tolerance to ettt noise and allows use of relatively simple
readout electronics [4], [5].
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Figure 1: Schematic of neutron tracking detector concept with alternate layers of plastic
scintillator and pixellated, char ge-sensitive detectors.

This paper presents the results for the first pypt® of a tile detector with SiPM readout
for use in the Fast Neutron Tracker. The energgluéien, linearity and spatial uniformity of
the detector's response were characterised usjimgtan beam of selectable energy from the
ANTARES Heavy lon Microprobe at ANSTO, Lucas HeihtAustralia [6]. Single and
multiple neutron recoil events were collected immaltilayer detector configuration using
14 MeV neutrons from a Deuterium-Tritium (DT) neartrgenerator operated at CSIRO PSE,
Lucas Heights, Australia.

2. SiPM-Based Plastic Scintillator Tile Detector

2.1 Detector Design

The first prototype used a 15x15x2 mm EJ-204 mastintillator tile from Eljen [7]. EJ-204 is

a Polyvinyl Toluene (PVT) based scintillator wittieest 1.8 ns decay time. The 15x15 mm area
of the scintillator was chosen to cover the 14xI4 sensitive area of the Timepix detector. The
thickness was 2 mm, as protons recoiled by 14 MeMrons from a thicker plastic scintillator
would be less likely to exit the scintillator arehch the underlying Timepix device. The CSDA
(constant slowing down approximation) range of @nstin PVT plastic scintillators is 0.35 mm
at 5 MeV and 2.16 mm at 14 MeV [8]. Trapezoidaldpex light guides of 10 mm length were
attached on opposing 15x2 mm faces with opticallggparent epoxy. The cross-sectional areas
of the light guides varied from 15x3 mm at the iheand to 3x3 mm at the output end as shown
in Figure 2. SiPMs with an active area of 3x3 mnreveoupled to the light guide ends using
General Electric RTV615 optically transparent silie. The light guides were painted with a
titanium dioxide-based white acrylic paint to reddight loss. The scintillator plates were left
unpainted. Paint would reduce the energy of redqietons after exiting the scintillator or
even stop them completely. It would have a sineffect on protons from the accelerator used
for the scintillator characterisation and calibwati
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Figure 2: The prototype neutron recoil detector design used dual SIPMs coupled via light
guidesto opposite sides of a plastic scintillator.

Three such detectors were constructed, two with 8easL SPMMicro3035 SiPMs [9]
(abbreviated S3035) and one with dual Zecotek MARCBIPMs [10], [11]. One pair of S3035
and the pair of MAPD-3n SiPMs were closely matchredreakdown voltage. This allowed the
SiPMs to be run at almost the same voltage abogekddown (over-bias), and hence similar
gain, from a common bias voltage supply.

The SiPMs were run at 2 V over-bias. The MAPD-3nvicks, with specified
86.41 £ 0.005 V and 86.42 £ 0.005 V breakdown @t were run at 88.42 V. The matched
S3035 devices, both with 26.66 + 0.005 V breakdawltages, were biased at 28.66 V. The
final S3035 pair, with 27.45 + 0.005V and 27.1380&V breakdown voltages, were biased
separately at 29.45 V and 29.13 V.

2.2 Electronic Readout and Processing

The detectors were mounted directly above the Tixnegnsor surface. The SiPM leads were
connected to a bias de-coupling and signal cincuitinted on the Timepix support board via
4 cm of wire, minimising electronic noise pick-upr the Timepix and from external sources.
The circuit is shown in Figure 3.

Tektronix DPO4054

FEMTO
HVA-500M-20-B
10x Voltage Amplifier
1MQ

Bias Bias De-Coupling SiPM DC-500Mhz Bandwidth DRS-4 Digitizer

o = | 500
10kQ L i |

10nF 100nF

50Q
Vacuum Chamber

Figure 3: Electronicsfor SIPM biasing and readout




The SiPM signals were transmitted from the boaidguS0Q co-axial cables to FEMTO
HVA-500M-20-B 500MHz DC coupled 10x gain non-invag voltage amplifiers [12]. The
amplified signals were digitised using a DRS-4 Hatibn Board [13]. The DRS-4 provides
analogue sampling of a signal at rates betweerd15a@Sps using a capacitive array. When a
trigger signal is received by the DRS-4, the charg@red in the capacitor array are digitised
using a 14 bit ADC running at a 33 MSps sampling.rdhe SiPM pulses were sampled at
1 GSps, allowing up to 50 traces with length of48amples to be recorded per second, which
IS a reasonable match for the <100/s event rate filoe proton beam. The AC-coupled
front-end of the DRS-4 board has a bandwidth of MB&. The data was downloaded from the
DRS-4 over a USB link and recorded to a binaryditethe host PC.
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Figure 4: Example pre-amplified pulses, from scintillations due to 5 MeV protons, from
the MAPD-3n (upper) and S3035-based detectors (lower). The software-based DPP
measur es the relative height of the pulse above the baseline. Pulse timing is measured on
thefast rising edge.

Digital pulse processing (DPP) was performed ddflifhe pulse processing algorithm
works as follows. Each trace was scanned for itsitmam value. The baseline ahead of the
pulse was located by scanning the numerically diffdated signal for the zero-crossing. The
baseline level was subtracted from the maximumejatwrrecting for baseline disturbances
arising from either the effects of AC coupling oorh SiPM dark noise.



The arrival time of the pulse was estimated usingraerical implementation of a constant
fraction discriminator, by interpolating the timéhere the rapidly rising pulse-edge reached a
fraction of the final pulse height. An example gwgith the measured pulse maximum, baseline
and 25% constant fraction discriminator (CFD) tiimiehown in Figure 4.

3. Device Characterisation using Protons

3.1 The ANTARESHeavy lon Microprobe

It is difficult to assess, with fast neutrons, #rergy calibration and resolution of scintillation
detectors designed for the detection of fast nestr&ast neutrons primarily interact through
inducing proton recoils. The energy of the recgilprotons depends on the scattering angle,
giving rise to a generally featureless pulse hemgdctrum [14]. Characterisation of plastic
scintillators with gamma-ray spectroscopy is naaid as scintillators respond differently to
photons and particles due to differing ionisati@nsities [15]. Furthermore due to the low
average atomic number of plastic scintillatorgs itlifficult to obtain a discernible photo-peak
from organic scintillators in gamma spectroscopy.

To avoid these difficulties, the performance of #wntillator detectors was measured
using protons at the Heavy lon Microprobe facilay ANSTO. The ANTARES tandem-
accelerator facility provides a proton beam witkedectable energy of up to 5 MeV and an
energy stability of better than 0.1% [6]. The besime when focused on the scintillator was of
order of 1 um. The beam is well suited for testimg energy resolution, linearity and response
uniformity of the scintillators.

Each detector was tested using 3, 4 and 5 MeV proé@ams. To assess the uniformity of
response, the beam was measured at four positionthe face of the detector. Digitiser
acquisition in the DRS-4 was triggered internalydme of the SiPM channels.

3.2 Anti-Coincidence Noise Rejection

The scintillation light is produced isotropicallypdiso is expected to be approximately shared
between the two SiPMs. Trigger events not assatiaiéh scintillation were rejected in the
post processing by requiring coincidence between $iPM channels [16]. The timing
resolution between the two SiPMs, as used for@mtieidence noise rejection, was assessed by
fitting a Gaussian to the histogram of measuredngindelays between the two channels. The
best timing resolution was achieved with the CF&elef 25%, providing a typical coincidence
resolution of 1.7 ns full-width-at-half-maximum (F¥¥) for both SiPM types, as shown in
Figure 5.

Noise rejection was particularly useful in the lovpeoton energy measurements, where
the trigger level had to be set very low. Some Si@dk pulses could then also trigger the
digitiser, as shown in Figure 5. In such casegé¢fected noise pulses accounted for up to 60%
of the total count rate. In this way, implementewncidence in a neutron tracker will reduce
the minimum necessary energy deposited for a ssitdeketection in each scintillator.
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Figure 5: Timing delay between the two SPMs on the MAPD-3n based detector (left).
Restricting the delay to a 4ns wide window allowed for the rejection of non-scintillation
noise pulses (right).

3.3 Energy Calibration and Resolution

The mono-energetic proton beam was used to derivenargy calibration of the scintillators

and to characterise their energy resolution. Therggncalibrations are shown in Figure 6 and
the measured spectra for 5 MeV protons are showkigare 7. The detector absolute energy
calibration and resolutions measurements are suisedam Table 1. The spectral peak was
fitted with a Gaussian to assess the mean pre-B@appulse height and FWHM. Resolution is

expressed as the ratio of FWHM to the mean. Thenawtry of the spectral peaks may be
attributed to the effects of SiPM crosstalk [17].

Both detectors exhibited good energy linearity witthe limits of the measurement. As
the SensL 3035 has 3640 sub pixels, the lack offgignt saturation suggests that there are less
than ~1000 photons triggering microcells on eadPM5iMAPD-3n measurements at 3 MeV
were discarded because the SiPM-guide couplingdaasaged through contact with mounts
inside the chamber. The detector was repairedufosequent 4 MeV and 5 MeV measurements.
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Figure 6: Absolute energy calibration of the S3035 and MAPD-3n based detectors. The
error bars indicate the standard deviation, as calculated from the fitted Gaussian. The
shown linear fitsareforced tointersect theorigin.

Table 1: Absolute Energy Calibration Data

Detector Energy [ Chl Ch2 Ch1&2Average
(MeV) Mean (mV) Res(%) | Mean (mV) Res(%) | Mean (mV) Res(%)
S3035 3 29.1 41.9 23.9 59.0 26.7 34(9
4 34.1 39.0 26 56.2 30.2 325
5 45.2 40.5 43.6 44.3 44.6 29.8
MAPD-3n 4 40.3 355 384 50.0 39.3 311
5 504 38.7 51.8 44.8 51.2 29.8
Matched S3035 5 53.5 46.5 52.2 4711 53.1 33.7

Averaging the pulse heights from the separate SiRdgslts in a resolution improvement,
averaged over all measurements, of 1.43 + 0.02 %.4.03 and 1.42 + 0.02 times for the
S3035, matched S3035 and MAPD-3n detectors respéctiThis indicated that the resolution
is primarily due to random noise, where averagivey dhe two detectors results in a theoretical

J2=1.414 improvement in resolution.
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Figure 7: Taking the mean of pulse heights from both channels provides an improvement
in resolution, shown abovefor the Matched S3035 detector irradiated with 5MeV protons.

Assuming that the energy resolution is dominatedPbisson statistics, the mean number
of photons detected) , may be estimated using the measured energy tiesoki [18]:

FWHM _ 2y2In2xo0 _ 235
il il Jn

Where g is the standard deviation of the Poisson distidouand equal to/ﬁ. Using the
data collected with the matched S3035, it was ed@ththat the two SiPMs were detecting
5.4+0.2 photons/MeV and 5.5+0.8 photons/MeV respelst Additionally, analysis of the
preamplified S3035 1, 2 and 3 photon dark noiseseuieights gave a 1.9 mV/photon
calibration. Assuming linearity, the mean pulsegheifrom the 5MeV protons provides
agreeing values of 5.5+0.1 photons/MeV and 5.6pbdtons/MeV.

The S3035 effective Photo Detection Efficiency (FD& EJ-204 scintillation light was
estimated by integrating the PDE response curveecied for crosstalk and dark noise [19],
over the normalised scintillation wavelength spautr [7]. The resulting efficiency is
approximately 2%, meaning that there are about @dtons/MeV striking the SiPMs. The
quoted EJ-204 scintillation yield is 10400 photdfesy/ for electrons. In organic scintillators,
the scintillation yield for protons is less thara@lons of the same energy. Using a 0.4 proton to
electron response ratio, measured at 5 MeV for BE4h [15], the 5 MeV proton yield is

R=




estimated to be 4160 photons/MeV. As such, onlyuali@% of the scintillation photons are
reaching the detectors. The low light collectioficé#ncy is attributed to the detector geometry
and the lack of reflective wrappings around thatiitator.

Potential improvement in light collection efficignwill benefit both the energy resolution
and neutron detection efficiency of the detectamur@ing more photons in an event will reduce
the contribution of Poisson statistics to energgohation. Improved light collection will also
allow smaller amounts of energy deposited in thatilator to be detected above the SiPM
dark noise. This allows the detection of fast rmuinteractions closer to the scintillator surface
and at smaller recoil angles.

3.4 Detector Spatial Uniformity

The spatial uniformity of the scintillator detect@sponse was assessed by recording the mean
pulse height at four set locations across the ¢deasach detector at a fixed proton energy. The
uniformity was quantified as the ratio of the stamtldeviation of these measurements to the
overall mean and is shown in Table 2. Paintinglitiie guides improved the uniformity of the
Matched S3035 detector from 8.7% to 4.2% and imguidte signal by 25%.

Table 2: Assessment of Spatial Uniformity of Response for Each Detector Variant

Detector Energy | Light Guides Mean Pulse Height at L ocation Uniformity
cone Mgo? (oB el VELet
(MeV) (mV) (mV) (mV) (mV) (%)
S3035 5 Painted 42.2 44.8 48.4 46.8 59
MAPD-3n 4 Painted 39.3 42.4 42.4 44.3 4.9
Matched S303% 5 Un-Painted 37.0 45.5 42.2 40.1 8.7
Matched S303% 5 Painted 53.1 55.4 52.1 50.2 4.2

It should be noted that in the complete neutrockeg any residual lack of uniformity can
be corrected for on an event-by-event basis, afithepix detector provides information on the
location of the proton produced in the scintillator

4. Detector Test with DT Neutrons

4.1 Dual Layer Stack and Triggering Setup

A sealed-tube neutron generator (model A-325, usstth an A-3062 DT tube, both
manufactured by Thermo Fisher) was used to measem&on recoils in a 2-layer neutron
tracker. The neutron generator emits approximateyo-energetic 14 MeV neutrons and the
emission is nearly isotropic. The distance betwberDT generator target and the detector was
55 c¢cm, meaning that the scintillators subtendedagle of 7.4- 10 steradians at the neutron
emission point and thus the beam was assumedapgyeximately non-divergent. The detector
was constructed from the two S3035 SiPM-basediliatitn detectors previously characterised
and two Timepix devices. The spacing between the saintillator tiles was 0.8 cm. The
detector setup is shown in Figure 8.



Figure 8: The 2-layer detector stack consisting of two Timepix devices and the two SIPM -
based tile scintillator detectors.

Both SiPMs on each scintillator were read out imapel, as shown in Figure 9. The
preamplifier outputs were split between the DRSiditider input and a triggering and
coincidence system using a 50 ohm balanced splittee triggering system was configured
from conventional NIM-modules and is illustratedrigure 10. This provided both the DRS-4
and Timepix with a common trigger when an evensufficient energy was detected in the
either of the scintillators. A signal requiring noidence between both scintillators was also
generated in order to select only double-recoinégyefrom which a full reconstruction of the
original neutron’s energy and direction is possiBlimally, a fixed-time trigger inhibit ensured
synchronisation between the digitiser and the Timdata.

- 10-
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Figure 10: NIM module-based coincidence and triggering setup for 2-layer stack
measur ements.

4.2 Double Recoil Coincidence

The coincidence and timing setup was first testsithgua pulse generator feeding the two
preamps using a 50 balanced splitter. The delay histogram due toaidant 1 mV, 5 ns rise-
time pulses at each preamp input exhibited a tirpeak of 0.5 ns FWHM, shown in Figure 11.

The timing spectrum of the measured delay betweenwo detectors, using a 25% CFD,
exhibits a peak with 2.7 ns FWHM (Figure 11). Thstribution of transit times for scattered
neutrons travelling between the scintillator tilwas calculated. This was based on the fast-
neutron double-recoils possible within the geometirnthe detectors and neutron source. The
distribution of transit times lay between 0.15 nd 4.16 ns, with a 0.3 ns FWHM. This made a
relatively small contribution to timing spread. 8sch, the measured system timing resolution
was 2.7 ns FWHM for coincidence between two tileed®rs, or 1.9 ns FWHM resolution for a
single detector.

-11-



110

—e— Coincident Detector Events
1mV Pulser

100

90

80

70

60

Counts

50

40

30

20

10

Delay (ns)

Figure 11: Time delay spectrum from coincident trigger s between the two scintillator tiles.
The delay offset of the coincidence is dueto differencesin cablelengths.

4.3 DT Energy Spectra

The hydrogen-recoiled protons have a uniform eneqggctrum from zero energy up to the
energy of incoming neutrons (14 MeV) [14]. Howeveome of the protons are not entirely
stopped in the detector and deposit only part @i ttnergy. This, together with limited energy
resolution of the detector leads to a non-flat gpaepectrum [2], [3].

Figure 12 shows the measured DT neutron spectrunpaeed with a result from a Monte-
Carlo simulation, which simulated the elastic neaticollisions with protons in the plastic
converter and the following proton transport. Tlee was written in C++ with geometry and
tracking based on the ROOT package [20]. Detailthefsimulation are published in [3]. The
simulated spectrum was post-processed with a Jarfbisson blurring, using the calculated
11.1 photons/MeV, to account for the detector rgsmh. A good agreement was found between
the simulated and measured spectrum above 4.5 Melbw this energy the measurement
differs from the simulation primarily due to un-sitated carbon recoils and SiPM dark noise
events.

The measured and simulated proton spectrum inithepix device is shown in Figure 13.
The figure shows very good agreement between stimnleand measurement. The only
difference was registered for protons with energiese to 4 MeV. These protons reach the
pixellated electrode of the 15@m thick Timepix sensor bringing the position of rnmaMm
ionisation density (Bragg peak) very close to thecteode. That causes saturation of the
Timepix detector and leads to distortion of thecsfaeas indicated in the image [21].

-12-
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5. Conclusions and Future Work

A plastic scintillator tile-based fast neutron a¢te was successfully characterised using a
mono-energetic proton beam operated at 3, 4 and¥%. Mhe ANTARES IBIC proton beam
was found to be well-suited for characterising fasutron detectors, allowing for absolute
energy calibration and an assessment of detecoluteon and uniformity.

The SiPM readout of the scintillator allowed spestopic and timing information to be
determined from each event. The detectors hadearliresponse within the measured energy
range. The energy resolution at 5 MeV was founde029.8% and 32.6% for two separate
S3035-based detectors and 29.8% for the MAPD-3ectt@t The spatial response uniformity
was measured to be 4.2% for the detector with lbl@ak-matched S3035 SiPMs.

Finally, the prototype detectors were successfuligd in a multi-layer neutron tracker
configuration to measure 14 MeV fast neutron reewiénts. The scintillators were used to
trigger data acquisition in a Timepix detector aodneasure the energy lost by the recoiling
protons in the plastic scintillator. In additiomet option of triggering only on double recoil
events was tested. Timing resolution between tleoditectors was measured to be 2.7 ns for
double recoil events.

The SiPM-based scintillator detector proved prongdor the implementation of a multi-
layer neutron tracker. Both SiPM models demongiraéibe necessary low light detection and
low noise characteristics for the application. Hoere in the current prototype design, only
~13% of the scintillation photons reach the SiPNkere is an opportunity to significantly
improve the energy resolution and lower the minindetectable proton energy by increasing
the light collection efficiency of the detector.iFwill be the major focus of our future work.

One way to improve the light collection efficieny/to use a large-area SiPM array to
cover the top surface of the scintillator tile,toruse a linear SiPM array across two or more
edges of the scintillator. Thin films of reflectdeposited on the scintillator surface will also be
investigated.
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