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Abstract: Active stoppers in the field of low-energy nuclear spectroscopy are detector systems wherein

both radioactive ions and their decay products are measured. Information regarding the time and the

position of the interactions is needed in order to correlate the daughter radiation with its parent such that

physical properties of the decaying system can be obtained. Whereas silicon-based technologies (e.g.

segmented double-sided silicon strip detectors) are well established for this use, they exhibit a limited

timing resolution that prohibit fast-timing measurements of nuclear states fed by V or U decay. The use

of detector systems based on organic plastic scintillator material coupled with silicon photomultipiers

as active stoppers offers the attractive possibility of providing excellent timing properties for some

experimental cases where short-lived excited nuclear states are fed by particle radiation.

In this work, we investigate the position resolution for heavy-ion interactions of the ‘VPlast’

plastic scintillator detectors developed for use in DESPEC (DEcay SPECtroscopy) experiments at

the GSI/FAIR facility. We present a novel method of extracting interaction positions employing

k-nearest neighbour, non-generalising search methods using a highly-segmented double-sided silicon

strip detector to provide reference samples. A KD-Tree search method with a Euclidean metric yields

resolutions of f- = 1.43(5) mm and f. = 1.27(2) mm in the - and . directions, respectively.
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1 Introduction

Detectors based on organic plastic scintillator materials are widely used across numerous applied

scientific fields (e.g. for biomedical, aerospace and agricultural domains) mainly due to their attractive

properties for fast-response radiation detection and their low cost compared to alternative solutions.

The characteristics of plastic scintillators are also ideally suited to the field of nuclear physics to

provide high-efficiency detection of ionising radiation; indeed, almost all modern experimental nuclear

physics facilities employ plastic technology (e.g. [1–3]). In addition, the more recent development

of silicon photomultipliers (SiPMs), which are compact and operate at relatively low voltages, has

enabled the construction of plastic-based detector systems of increasingly complex geometries.

A new generation of scintillating plastic detectors, named ‘VPlast’, have been developed for DEcay

SPECtroscopy (DESPEC) experiments at the GSI Helmholtzzentrum für Schwerionenforschung in

Darmstadt, Germany [4]. DESPEC forms part of the NUSTAR (NUclear STructure, Astrophysics

and REactions) collaboration, which represents one of the scientific pillars of the FAIR accelerator

facility currently entering its commissioning phase in Darmstadt, Germany [5]. The DESPEC detector

suite will sit at one of the focal planes of the Super-conducting FRagment Separator [6], where exotic

isotopes produced in fragmentation or fission reactions will be delivered with an event-by-event

particle identification. Once at the focal plane, the ions of interest will then be stopped at the centre

of the DESPEC setup, and subsequent radiative decays (U, V, W and neutron) will be measured by a

variety of different detector configurations depending on the physics goals of the experiment.

Currently, the VPlast detectors are mounted in the DESPEC setup within the so-called ‘implantation

stack’ in combination with double-sided silicon strip detectors (DSSDs) into which the exotic ions are

stopped. One of the main goals of the DESPEC collaboration is to measure the lifetimes of excited

nuclear states in exotic nuclei, which are directly related to the nuclear matrix elements and can

yield key information regarding the underlying nuclear structure. The VPlast detectors were therefore

developed to enable fast-timing measurements for V-W coincidences wherein V particles emitted by
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ions that have been implanted into one of the DSSDs are incident on a VPlast detector and the W

radiation is measured by an auxiliary array. This enables the measurement of short nuclear lifetimes

that would otherwise be inaccessible due to the limited timing properties of the silicon detectors.

Additionally, the VPlast detectors can serve as a useful veto for light ions passing through the setup.

The use of the VPlast detectors as active stoppers (i.e. ions are stopped and measured inside

of the plastic material as well as the subsequent decay radiation) would simplify and improve the

efficiency of the setup as one would no longer rely on observing decay events that escape another

detector system. This is particularly advantageous in the case of U-decaying nuclei, where the short

stopping distance of the U particles in silicon precludes the observation of escape events. However,

an important prerequisite of an active-stopper system is that the interaction positions must be well

known in order to accurately correlate decay products with their parent isotopes in both space and

time. Otherwise, only experiments in which the implantation rate is significantly lower than the decay

rate of the stopped isotopes could be carried out. The main goal of this work is to determine the

position resolution of the VPlast detectors for heavy-ion interactions. Investigation of the resolution

for decay events (both U and V particles), which is more challenging due to the lower light yield and

longer stopping distances, is the subject of a follow-up work.

2 #Plast detectors

Different VPlast detector configurations have been developed in order to accommodate various

geometries of auxiliary detector systems, although the basic working principles of each are the

same. The detectors relevant to this work (shown on the left of figure 1) are composed of a single

80 × 80 × 3-mm3 sheet of type BC-404 scintillating plastic (manufactured by Saint-Gobain Crystals).

The four edges of the plastic are coupled using optical glue to 1-dimensional arrays of 3 × 3-mm2

SensL C-Series silicon photomultiplers (SiPMs) with a total of 16 SiPMs along each side. The

layout of SiPMs on the PCB for a single edge can be seen at the top of figure 1. Groups comprising

four adjacent SiPMs are coupled via custom-built PCBs, resulting in a total of 16 readout channels.

Detector signals are processed using FPGA-based TAMEX multichannel front-end cards, developed

by the GSI Experimental Electronics department, which provide energy information via the signal

Time-over-Threshold (ToT) and excellent (∼ 20 ps) timing precision. As one of the channels of the

TAMEX cards (corresponding to channel 14 of the detector readout) was not functioning during the

data collection phase of the work described here, data from a total of 15 channels are considered. A

complete technical description of the VPlast detectors is currently in preparation.

3 Experimental methodology and data preparation

3.1 Description of experimental setup

To evaluate how well the interaction positions can be reconstructed, a suitable data set collected

under controlled experimental conditions is required in which the true positions are well defined.

Such labelled data could be generated using collimated radioactive sources placed at regular intervals

on the detector surface, with the advantage that data could be produced easily and in the required

quantities. However, disadvantages of this method include difficulties in simulating realistic heavy-ion

interactions with sources and additional complexity when applying algorithms developed using
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and StrY are the - and . strip numbers of the AIDA 1 detector and Δ)8 are given by

Δ)8 = )8 − )0, 8 = [1, . . . 13, 15], (4.1)

where T8 and T0 are the timestamps registered by between channel 8 and reference channel 0,

respectively. Average values of Δ)8 were calculated in cases where multiple events were recorded

for a given (StrX,StrY) combination.

Table 1. Look-up table format.

StrX StrY Δ)1(StrX,StrY) . . . Δ)15(StrX,StrY)

0 0 Δ)1(0,0) . . . Δ)15(0,0)

0 1 Δ)1(0,1) . . . Δ)15(0,1)

0 2 Δ)1(0,2) . . . Δ)15(0,2)

...
...

...

127 125 Δ)1(127,125) . . . Δ)15(127,125)

127 126 Δ)1(127,126) . . . Δ)15(127,126)

127 127 Δ)1(127,127) . . . Δ)15(127,127)

Interaction positions are obtained by comparing the time differences associated with the heavy-ion

events of interest with those in the LUT. This is an example of a :-nearest neighbour, non-generalising,

machine-learning search method [13], wherein : samples in the LUT closest to the new point of

interest are found (: = 1 for the case described here where a single sample is chosen). How close

a sample is to the new point of interest can be measured by a distance metric 3. The two simple

metrics used here are Euclidean

3� =

√

∑

8

(Δ)8test − Δ)8LUT)2, 8 = [1, . . . 13, 15] (4.2)

and Manhattan

3" =

∑

8

|Δ)8test − Δ)8LUT |, 8 = [1, . . . 13, 15] . (4.3)

A methodology based on k-nearest neighbour search algorithms was successfully employed in the

work of Xin Li et al. [14], where W-ray interaction positions were reconstructed using mean-detector-

response-functions for LYSO-based PET scanners in medical applications.

A search wherein 3 is calculated for every sample in the LUT (the so-called ‘brute force’ method)

will yield a closest match but is computationally intensive and will have a query time that scales as

$ [�#], where � is the number of features and # is the number of samples. Alternatively, nearest

neighbour searches can be carried out by building space-partitioning structures that allow for fast

indexing. Commonly-used examples of this include KD Tree [15] and Ball Tree [16] algorithms,

allowing closest matches to be found by calculating 3 for only a subset of all samples. Whereas the

query time for Ball Tree algorithms scales approximately as $ [� log(#)], the scaling of the KD

Tree algorithm is not trivial to define and is typically efficient for small dimensionality (� < 20)

but comparable with brute force for large �.
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LUT samples by considering only odd-numbered channels (i.e. channels 1, 3, . . . , 15 in figure 5).

This may be an important consideration for the design of future VPlast detectors as more SiPMs

could be combined to a single readout channel thus reducing the cost if resolutions are still within

acceptable limits. The results indicate that the resolution is ∼ 25% (∼ 30%) worse in the - (. )

directions but that search times are faster for all algorithms.

Table 3. Comparison of search times for brute force, KD Tree and Ball Tree algorithms for all VPlast and only

odd-numbered channels using 2 × 105 events in the LUT and a Euclidean metric.

Algorithm VPlast channels f- [mm] f. [mm] Search time [arb]

Brute force All 1.43(5) 1.27(2) 20.6

KD Tree All 1.43(5) 1.27(2) 1.0

Ball Tree All 1.43(5) 1.27(2) 2.8

Brute force Odd only 1.80(8) 1.66(5) 5.0

KD Tree Odd only 1.80(8) 1.66(5) 0.7

Ball Tree Odd only 1.80(8) 1.66(5) 2.0

6 Conclusions and outlook

We have demonstrated that position resolutions of f < 1.5 mm can be achieved for interactions in the

VPlast plastic scintillators detectors for heavy ions for FAIR Phase-0 DESPEC experiments at GSI

(Darmstadt). The novel method, wherein tables of reference samples labelled by positions recorded by

a highly-segmented DSSD are searched using k-nearest neighbour algorithms, enables the reference

dataset to be collected in situ during experiments.

Several next steps are planned. We will investigate whether the performance can be further

improved through the use of artificial neural networks trained on the same data that was used here to

construct the LUTs. Additionally, in order to use the VPlasts as active stoppers, the detector capabilities

for decay products must be assessed. The performance for U radiation can be evaluated using data

collected during DESPEC experiments wherein U-decaying heavy isotopes (with halflives on the order

of ms to s) were implanted into one of the VPlast detectors. In this case, the distributions of the energies

measured by the SiPMs may be used in addition to the timing signals in order to improve the resolution.

Reconstructing interaction positions for V-decay events presents the largest challenge due to

the low energy deposition and long path lengths of the V particles inside of the plastic material as

well as difficulties producing clean training datasets. For this purpose, the VPlast detectors will be

‘scanned’ using the GSI gamma scanning system [18], where Compton-scattered 511-keV annihilation

photons can be used to approximate V-particle interactions.

The data presented here was collected using a quadratic 80 × 80 × 3-mm3 VPlast detector, as

described in section 3. In recent years, ‘triple’ (or ‘wide’) VPlast detectors of dimension 240×80×3 mm3

have also been constructed and used during FAIR Phase-0 DESPEC experiments. We plan to extend

the methodology presented in this work to the ‘wide’ detectors to make use of the full focal plane of the

FRS (and the future Super-FRS at FAIR) and allow the study of more isotopic species simultaneously.
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