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New high-flux and high-brilliance neutron sources demand a higher count-rate capability in neu-
tron detectors. In order to achieve that goal, the Solid-State Neutron Detector (SoNDe) project is
developing a scintillation-based neutron detector. It will be capable of fully exploiting the available
flux at small-angle neutron scattering (SANS) instruments at high brilliance sources, such as SKADI
at the European Spallation Source (ESS). The read-out of the scintillator is based on a pixelized
multi-anode PMT (MaPMT), where each pixel is treated separately. In addition to enabling higher
achievable count-rates, one of the design goals was to develop a modular and scalable solution that
can also be used in other instruments or even contexts, such as for laboratory setups. This has been
achieved by combining the complete read-out electronics along with the MaPMT into modules that
can be controlled and read-out individually via a network without additional any infrastructure. An
overview of the present state of development and current test results is presented, highlighting the
results of previously published project reports.

KEYWORDS: detector, neutron, scintillation, scintillator, SANS, reflectometer, neutron
instrumentation, neutron detector

1. Introduction

The development of ever brighter and more brilliant neutron sources [1, 2] calls for a concurrent
development in detector technology to be able to fully exploit the better sources to capacity. Along
high rate capability, other key parameters include position resolution, detection efliciency, low sensi-
tivity to backgrounds, time resolution, ease of use, reliability and maintainability and the accessibility
of necessary materials. The detector technology discussed here is based on the requirements of the
SANS instrument SKADI [3] to be constructed at the ESS.

In order to address these issues, the SoNDe detector technology has been developed based upon
the following design criteria:

e count-rate capability of at least 20 MHz over a 1 x 1 m? detector area, quadrupling the rate
capabilities of existing technologies [4]
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Pixel resolution of 3 x 3 mm?, and even better by using Anger interpolation

Neutron-detection efficiency higher than 80% with good y-discrimination

3He independence

e us time resolution

Consisting of individual modules, that can operate independently

Achieving these capabilities simultaneously will allow a high-performance neutron detector.
Apart from the ability to use this detector in large-scale facilities where count-rate capability is the
principal concern, the other design criteria allow for use in different fields, e.g. bench-top labora-
tory experiments or even mobile applications, such as scanning for fissionable material in shipped
goods [5]. Additional background information on the tests described here can be found in the previ-
ously published project reports [5].

2. Basic Concept

The basic concept of the SoONDe design is the pixelization of the detector area, both to distribute
a high local count-rate over several analogue channels as well as to increase the resulting spatial
resolution. This is coupled with the idea of having black-box electronics for the read-out located
directly behind the MaPMT to facilitate the read-out. Such a setup facilitates upscaling when larger
areas are to be equipped with modules next to each other, which also leads to the requirement, that
the electronics be no larger than the preceeding MaPMT in order to allow for a close packaging and
therefore avoid dead space between the individual modules. A sketch of the dense packing is shown
in Fig. 1.
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Fig. 1. a) Sketch of the basic concept of a SONDe detector module. The neutrons (blue) are coming from
the left hand side and then impinge on the scintillation material, which is pixelized in this case. The following
MaPMT converts the scintillation light into an electronic signal, which is then processed by the read-out elec-
tronics. As shown here, all components have an identical footprint, facilitating dense packaging. b) Possible

large-scale arrangements

Specific challenges to this design include the prevention of cross-talk between the pixels, which
here is inhibited by grooving the scintillator, as well as the packing density of the electronics behind
the MaPMT.

As stated earlier, such a setup can be used to create larger surface area detectors as shown in
Fig.1 b). It is important that the single modules can be packed as closely as possible. This packaging
simultaneously fulfills the requirement of ease of maintenance, as each single module can be serviced
individually, while the large-scale setup is not impacted in any major way. This allows also arrange-
ments with different geometries that can be used to improve the performance of neutron-scattering
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instruments. One such example might be the arrangement of the modules on a surface of a sphere to
cover the entire scattering solid angle without any detector movement.

In the following sections, scintillation material, MaPMT and electronics are discussed individu-
ally. A performance overview for the modules will then be presented.

2.1 Components of the detector modules
2.1.1 Scintillator

The scintillator used for the SoONDe modules is a ’Li GS20 glass scintillator purchased from
Scintacor®. A general description of such scintillators can be found in Refs. [6-9]. A 6.6% Li con-
tent leads to a thermal neutron efficiency of ~75% in a 1 mm thick sample, higher for cold neutrons.
With the current setup each neutron-event results in approximately 6600 scintillation photons with a
peak wavelength of 390 nm . Approximately 10% of the scintillation light reaches the photocatode
corresponding to a MaPMT pixel. The decay time of the light emission is about 60 ns, which does
not impede the overall dead-time in our setup. [5].

The y-sensitivity of GS20 Li-glass is strongly dependent on the y-energy. For y-energies of less
than 1 MeV, the y-detection can be suppressed by pulse-height discrimination. Higher y-energies,
suppression is an issue, as these y cannot be distinguished from neutrons using pulse height discrim-
ination.

In order to assess the cross-talk between pixels we investigated possibilities for a physical separa-
tion between the pixels of the scintillator. A method for doing so is attaching the scintillator glass onto
a carrier glass and then grooving the scintillator glass with a wafer saw. By doing so, the cross-talk
was reduced drastically (see Fig.2). Note that channels 0-7 and 55-63 are at the top and bottom of the
MaPMT, which results in a slightly different gain values. Hence, the cross-talk in those channels de-
viates from the overall average. It also should be noted that the contributions of the other components
to the cross-talk, such as the MaPMT and potential electronic cross-talk, are always contained in the
results given. Since we only varied the scintillator, these other contributions can be considered to be
constant and are not relevant for an optimization of the scintillator.Finally we note that the carrier
glass may improve the light yield per pixel by total internal reflection [5].
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Fig. 2. Relative cross-talk between the MaPMT pixels for a plain scintillator, a grooved scintillator with
200 um wide grooves and the same grooves filled with reflecting correction fluid. In both cases, the grooves
penetrated the entire scintillator (1 mm). The cross-talk is normalized to the amount of neighbours per pixel.

2.1.2  Multi-anode Photomultiplier

The MaPMT used for these detector modules is the Hamamatsu H8500 with 64 channels, each
6 x 6 mm?, and a total active area of 52 x 52 mm?. The later H12700 series MaPMTs are also techni-
cally compatible, as well as the HO500 and their successors with a 3x3 mm? pixel size [10]. MaPMTs
are vacuum tubes containing a photosensitive cathode and several dynode stages, where multiplica-
tion of the initial charge occurs. The choice of these devices over silicon based photomultipliers
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(SiPMs) was deliberate, in order to avoid radiation damage by doping the silicon with neutrons. The
electronics behind the MaPMT seem to be protected from neutron radiation by the boron in the front
glass [5,11]. While the detailed tests in the manuscript focus on the H§500 MaPMTs, the others were
only examined in preliminary tests.

2.1.3 Read-out electronics

In order to confine the read-out electronics to the preceding scintillator and MaPMT, they are
logically divided into a front-end board and a controller board. The front-end board houses the ASICS
used for reading out the MaPMT channels directly. The controller board houses the FPGA module,
power supply and an Ethernet port for communication with the back-end computer. A block diagram
is shown in Fig.3. This is a direct representation of the schematic given in Fig.1 a).

Depending on the setting, either the analogue event energy or a trigger signal indicating a detected
event can be forwarded to the controller board. There, appropriate data treatment (time stamping,
channel allocation) is performed and the data are then fed to the Ethernet interface. The module itself
can be reached via its own IP address and is thus directly controllable. Programming of the FPGA for
further logic operations and the inclusion of external data into the data stream is also possible.

Fig. 3. Schematic diagram of the circuits in the SoNDe detector module. From left to right: The scintillation
photons are converted into a current in the MaPMT, which is then registered by the 16 channel ASIC Ideas
IDE3465. Here four of them are shown to support a 64 channel photomultiplier.

This setup has the advantage that each single module can be addressed using a computer via stan-
dard protocols (TCP and UDP). Therefore, no additional hardware is needed to operate the module,
aside from a power source and a HV source for the MaPMT. Operations such as sensitivity calibra-
tions and error messaging can be done online, either with an array of modules connected to a network
or with a module directly attached to a PC.

3. Assembled Array

A 3D CAD model and a photograph of a fully assembled SoNDe module are shown in Fig.4.
Apart from the Ethernet connection and a power supply for the modules and the MaPMT, there is
no additional infrastructure necessary to read out incoming data from the modules. The different
settings for the different function modes can be programmed using the PC software. The modules
fully support the Ethernet standard and the TCP/UDP protocol and conventional network hardware
can be used to connect.
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Fig. 4. a) Schematic of a fully assembled SoNDe module. The Trenz module (proprietary FPGA module)
containing the FPGA (green), the controller board with ETHERNET, JTAG, LEMO and power connectors
(blue) and the front-end board, housing the ASICs (yellow) can all be seen. Between the controller and the
front-end board there is an aluminum heat sink, which also protects the bonding wires of the ASICs. The HV
cable (red) is channeled past the PCBs. b) Photograph of four fully assembled modules configured in a 2x2
detector array. Edgeless packing allows the construction of large scale detectors with a tiled array.

4. Performance
In this section, the performance of the SoNDe detector modules is presented.

4.1 Initial Module

The first module was based on the IDEAS ROSMAP system [5]. Tests at the Laboratoire Léon
Brillouin (LLB) were performed. Both the basic feasibility and the radiation hardness of the prototype
were in the focus of the investigation.

As a full white beam was available at the beam line G3.2 [12], the flux capabilities of the module
could be tested. In order to do so, a fully absorbing slit system was positioned in front of the module
and the beam size was increased until the response became non-linear. The corresponding data is
shown in Fig.5. The count-rate increases linearly with the irradiated area until 250 kHz, which is the
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Fig. 5. a) Relation between irradiated area and count-rate. b) Radiograph of the first generation SoNDe
Module. It is visible that the boron glass at the front of the MaPMT is nearly intransparent to neutrons. With
an additional scintillator in front of the module, the combined shielding effect of the scintillator and the boron
glass effectively protect the electronics from radiation damage.

rate-limit for this module. At higher count-rates, double counting below the dead-times occurs. 250
kHz on a single 52 x 52 mm? module correspond to 100 MHz on a full square meter detector. Here,
it has to be taken into account that the signal was simply detected and that no data treatment inside
the module was performed. Also, for a clear separation between each neutron-event, a buffer-time
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between events is usually inserted into the logic of the modules. This was omitted here and trigger
settings could only be adjusted manually by increasing the threshold until a sufficient background
suppression was reached. Thus, this has to be seen as the maximum achievable count-rate with that
setup. This is also illustrated by the fact that the physical dead-time of the scintillator (60 ns) corre-
sponds to a maximum possible count-rate of 16.67 MHz in the same location, which here is alleviated
by using a non infinitesimally small surface area, however the hard physical limit is nearly in the same
order of magnitude.

In order to test the radiation hardness the module was kept in continuous operation under the
maximum achievable neutron flux for 10 days, during that time only one single event upset occurred
after nine days. A restart and subsequent electronic test showed that no permanent damage was in-
flicted upon the module. The module electronics, seem to be inherently stable under high radiation
conditions. This is likely due to the fact that direct exposure to the neutron beam is blocked by both
the scintillator itself and the subsequent boron glass in the MaPMT. We estimate that between them,
they attenuate the neutron flux to less than 1% of its initial value. This effect can also be seen in the
radiography image of the module shown in Fig. 5.

4.2 Second-Generation SoONDe module

The second generation module was described in detail in Ref. [5]. The test was performed at the
TREFF instrument at Heinz Maier-Leibnitz Zentrum (MLZ), Garching, at a neutron wavelength of
4.7 A. During these tests, both the performance under actual experimental conditions as well as the
status of the software were tested. While the electronics were demonstrated to handle high count-
rates with a pulse generator on the benchtop, it was important to make sure that this was also true for
statistically distributed pulses generated by the MaPMT. The control software, which will be needed
for the ongoing testing, was also tested.

The test beam was tailored by two blinds to yield a vertical stripe of neutrons on the detector.
This was done to make sure that in the non-irradiated areas no event could be triggered. This could
lead to background in later application of the module. An image of the detected neutron-events on
the demonstrator surface is shown in Fig.6. There is no visible saturation. The recorded pulse-height
spectrum allows for a clear discrimination between neutron and y-events.

Showlog  fons Wariegs 14 13011} st G Chared oare

Fig. 6. Screenshot of the SoNDe control software during operation.

All information was visualized and recorded using the control software (screenshot Fig.6). There,
distribution of the events across the face of the MaPMT as a function of pixel together with the cor-
responding pulse-height spectrum is shown. Additionally, each submodule of the 2 X 2 demonstrator
can be accessed via a separate register card. Only one submodule was connected. These tests showed
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that the performance of the 2 X 2 demonstrator under actual experimental conditions achieved the ex-
pectations. The integrated flux in the primary beam of the TREFF instrument is ~ 10® neutrons/s and
no saturation effects of any kind are visible. Confirmation of these results by future tests on higher
flux instruments is foreseen. The development of SoNDe can now proceed to the upscaling to larger
areas.

4.3  Electronic performance

The second-generation SONDe module was tested with a pulse generator. Dynamic range, max-
imum count-rate and single-event detection were evaluated [5]. The dynamic range was determined
by examining the linearity of the relationship between input charge and ADC signal. The results are
shown in Fig.7 a). Between 9.4 and 80 pC, the ADC signal was completely linear as a function of the
integrated input charge. Saturation effects become visible above 80 pC, a dynamic range of about one
order of magnitude. This linearity allows for a reliable discrimination of the signal.

a) b)

ADC = 92959.81 x charge + 727277
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Fig. 7. a) Relationship between integrated input charge and ADC value. b) Time delay between the initial
pulse at the input of the module and the resulting digital trigger signal. The time delay varies depending on the
pulse charge and the threshold setting.

In order to assess the maximum achievable count-rate, the system was fed with an increasing fre-
quency of pulses from the generator until a loss was observed. While the system exhibited stable be-
haviour up to 2.22 MHz, at 2.23 MHz some pulses were lost. In the case of statistical pulses, a count-
ing frequency of about 10% is assumed, hence translating the maximum frequency into ~ 220 kHz
for stable operation. Achieving this for a 1 m? detector area would translate into 400 x 220 kHz=
88 MHz as the maximum stable event rate.

Finally, an evaluation of single events revealed that the processing delay through the front-end
board was 110 ns for each detected event, completely independent of the irradiated pixel. The charge
required to trigger the system rises along with the trigger threshold. The time to trigger the system
increases with the threshold. The corresponding behaviour of the trigger signals can be seen in Fig.7.
Lower thresholds lead to a faster detection of the signal. This is expected as lower input charges
need to be integrated over longer times in order to exceed a given threshold value. Both the fixed
delay and the relation between threshold and event charge have to be taken into account for the later
time stamping of events. The accuracy of the time stamp delivered by the module is approximately
+150ns.

5. Conclusion
We have presented an overview of the present state of the SoNDe detector technology. The results

show that the construction of a high-flux neutron detector with 6 x 6 mm? resolution is possible. An
upgrade path to 3 X 3 mm? resolution has already been identified as feasible. Maximum obtainable
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count-rates could exceed 20 MHz per square meter. In terms of maintenance and operation, both the
radiation hardness of the single modules as well as their ease of operation has been established. The
modular design facilitates any repair and maintenance work in later assemblies.
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