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Abstract

:

High quality nuclear data lie at the heart of accurately modelling stellar systems and terrestrial nuclear reactors. However, some key reaction cross sections have large uncertainties, which limit such models in predicting isotopic abundances and other aspects of stellar evolution, along with key operational parameters for nuclear reactors. Reactions involving neutrons are particularly difficult to measure experimentally in laboratories, not least due to the unique challenges involved when detecting neutrons. We present a new approach to measuring nuclear reactions involving neutrons by exploiting the Thick-Target Inverse Kinematics (TTIK) approach. For such measurements, a new detector called ATTIKUS (A Thick-Target Inverse Kinematics detector by Universities in Sheffield) is under construction. Here we present designs and Geant4 Monte-Carlo simulations of the detector. The simulations indicate that a neutron position reconstruction resolution of 10 cm is obtainable and demonstrate how this device could be applied to the 13C(α,n) reaction, which is considered to be the main neutron source for the s-process in low-mass Asymptotic Giant Branch stars. In the TTIK method, the emission position of the neutron (the nuclear interaction position in a gaseous target) is directly linked to the centre-of-mass energy of the reaction. Therefore, a position resolution will translate into an energy resolution, depending on the beam-target combination. The inverse reaction, 16O(n,α), causes a large uncertainty in calculating the effective neutron multiplication factor, Keff in nuclear reactors, so improvements are required here.
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1. Introduction


Nuclear reactions are responsible for nucleosynthesis; the formation of elements in the universe [1]. Big-Bang nucleosynthesis at the beginning of the universe mainly produced isotopes of hydrogen, helium, and lithium. To give rise to the full abundance of nuclei seen in nature, this primordial nucleosynthesis is followed by the formation of stars where elements up to iron are produced. Even heavier elements are then synthesised by various processes, such as neutrino-induced reactions [2], neutron capture [3], and explosive events in supernovae [4]. Astrophysical scenarios and stellar models are widely discussed in existing literature [5,6].



Our understanding of stellar evolution is limited, in part, by the accuracy of nuclear data libraries, which detail the cross sections of known nuclear reactions, and form a key input to stellar evolution models [7]. Some key reaction cross sections have very large uncertainties, particularly at low energies where the cross sections are small. The reaction rate during measurements is low, meaning that data are scarce, subject to large statistical uncertainties and more susceptible to the influences of backgrounds.



Further, as we continue to exploit nuclear reactions as an energy source here on Earth, welcoming in next generation fission reactors, and looking forward to the possibility of fusion energy, the importance of high quality nuclear data is quickly becoming apparent [8,9]. A well-established knowledge of nuclear reactions including reaction cross sections, fission and decay properties is critical for the design and operation of new reactors and nonproliferation.



The fact that many key reactions in astrophysics and for nuclear power generation involve neutrons presents extra hurdles when measuring these reactions in laboratories. Production of mono-energetic neutron beams is notoriously difficult [10] and detection of neutrons as reaction products presents its own challenges. Neutron detection is an indirect process whereby neutrons react with the nuclei in certain materials to instigate the release of one or more charged particles. These charged particles produce signals that can then be processed by a detection system. Therefore, neutron detection requires conversion materials as active elements of the detection system. Traditionally, the most commonly used is helium-3. In these systems, a neutron will interact with a helium-3 nucleus (helion) to produce a triton and a proton.



Due to a global helium shortage, and the soaring costs of helium-3, neutron detection is now a rapidly evolving field, where novel detection technologies are being explored [11]. A hugely promising avenue is that of novel organic and inorganic scintillating materials. These materials are sensitive to both neutrons and gamma-rays, but the the two may be separated using pulse shape discrimination (PSD) techniques [12]. These devices have the advantage of being able to measure a mixed radiation field, offer energy sensitivity, and, in their liquid form, have a lower cost than helium-3. However, they have typically suffer from higher backgrounds than traditional counters and the liquid scintillators are highly toxic, limiting their transportability and safety. Solid plastic scintillators with PSD capabilities are also available [13], which are safer to use but come at a premium cost, making them impractical for large-area devices.



The following paper details the design and simulation of a new neutron detector array, called ATTIKUS (A Thick-Target Inverse Kinematics detector by Universities in Sheffield), that will permit reactions in nuclear astrophysics to be measured in Thick-Target Inverse Kinematics (TTIK) [14]. In contrast to typical nuclear data measurements, where a light ion beam impinges onto a solid target made from heavier nuclei, the TTIK method involves directing a heavy ion beam onto a light gaseous target. As it passes through the gas, the beam loses energy, meaning that nuclear reactions can be measured over a range of centre-of-mass energies, while using just a single incident beam energy. The position that the nuclear reaction happens in the chamber uniquely defines the centre-of-mass energy of the reaction, hence a position-sensitive detector is required. The ATTIKUS detector design utilises a novel neutron/gamma discrimination method, without recourse to using expensive PSD scintillators, and allows neutron detection position sensitivity, with a resolution of 10 cm. The design of the detector permits the measurement of neutrons over a range of energies. However, higher energy neutrons will be measured with lower efficiency, and lower energy neutrons with a poorer position resolution. These properties are discussed later in the paper.



This paper will begin by describing the TTIK method, and why it is useful for nuclear cross section measurements for astrophysics. The application of the ATTIKUS detector to this technique will then be covered. Monte-Carlo simulations of the detector will then be detailed. These provide useful information on the optimisation of detector geometry in order to maximise the efficiency and resolution for position-sensitive neutron detection, while maintaining low cost. This is crucial information for construction of the detector.



As a test case for the detector, its simulated performance in measuring the 13C(α,n) reaction will be explored. This is a particularly important reaction in nuclear astrophysics, as it is one of the main neutron sources for the astrophysical s-process in Asymptotic Giant Branch (AGB) stars [15], and is also important for the weak s-process in Massive stars (≥10  M ⊙  ) [16,17]. To model the nucleosynthesis during the former process, the reaction cross section needs to be reliably measured in the 150–230 keV energy window (Gamow peak). A well-constrained 13C(α,n) cross section is also important in nuclear data for terrestrial nuclear reactors, given that the reverse reaction, 16O(n,α), is crucial in understanding neutron multiplication and helium production in nuclear reactors. Oxygen is a major component in various nuclear reactors, either in UO2 or PuO2 fuels or in an H2O moderator. It has previously been determined that the current uncertainty in the 16O(n,α) reaction leads to a 100 pcm (0.1%) uncertainty in the reactivity and a 5–10% uncertainty in helium production [18].




2. Materials and Methods


2.1. Thick-Target Inverse Kinematics


In a typical experiment measuring the 13C(α,n) reaction, mono-energetic beams of alpha particles are directed onto a 13C target and the cross section is measured by counting the neutrons emitted by the target. This is a slow process; a typical experiment [19] measured a 0.5 MeV region of the cross section over 20 separate beam energies, requiring 19 beam energy changes, which is inefficient and takes a long time.



The ATTIKUS detector will measure the same reaction in Thick Target Inverse Kinematics (TTIK), by firing a heavy 13C beam onto a metre-long gaseous 4He target. By tuning the beam energy and the gas pressure, the beam and target nuclei can trace out a customisable range of centre-of-mass energies during the passage through the gas. This means that cross section can be determined over a range of centre-of-mass energies at a single beam energy setting. By measuring the position that the neutrons exit the detector, the energy of the reaction on an event-by event basis can be uniquely determined. This technique should permit more rapid and high-statistics measurements due to not needing frequent beam energy changes, which can be time consuming. The gas also provides a large effective target thickness, boosting the reaction rate.



Although the TTIK method for this reaction was entirely novel at the time of commencement of the project, there has since been an experiment recently published [20], which measured the 13C(α,n) using TTIK at a 180° centre-of-mass angle only. Their result showed very poor agreement with previous measurements/global R matrix parameters and further highlights the large uncertainties mentioned earlier. Our planned experiment is most sensitive to centre-of-mass angles from 100–130° so will provide a novel insight to the cross section particularly at these angles. An extension to the project to measure 180° centre-of-mass angle with an additional detector could be implemented to verify the conclusions of [20].




2.2. ATTIKUS Overview


We have designed a large-area, low-cost, position-sensitive neutron detector that can be used in an inverse kinematics set-up. In principle, such a detector could consist of a large volume of plastic or liquid scintillator, with neutron/gamma discrimination capabilities, as was achieved previously [21]. However, given the size of the detector required to efficiently stop the neutrons, such exotic scintillator materials are prohibitively expensive. Therefore, a novel and inexpensive detector construction has been proposed to achieve neutron/gamma discrimination for large-area detectors. A rendering of an optimised ATTIKUS detector module is shown in Figure 1. It consists of layers of neutron-sensitive material, moderator and light guides.



The blue face is a plastic scintillator, EJ-204, which is sensitive to both neutrons and γ-rays. However, upon interacting in the plastic, the scattered fast neutron will then be moderated by the white HDPE sheets and when sufficiently slow, will be captured on a Li:ZnS foil, emitting scintillation light, which is then transmitted to the WLS light guides. The light from both the wavelength shifters (WLS) and plastic scintillators attenuates as it reaches two photomultiplier tubes (PMTs) at either end of the detector length. This means that the position of the detection can be determined by the relative pulse heights measured at each end. Relative timing information can also be used to determine the hit position, however, improved digitisers with sufficiently higher sample rates are required for that to be feasible. The active length of the detector is one metre. The power of this technique is that fast neutron/γ discrimination is obtained without recourse to scintillator materials with intrinsic neutron/γ discrimination properties, which would be prohibitively expensive for a detector of this size. It is achieved by triggering on a delayed pulse from the moderated neutron. Measurements of astrophysical nuclear reactions, such as 13C(α,n) are typically sensitive to the effects of backgrounds given that during experiments, very low count rates are expected. As such, influences from common environmental gamma-rays, such as the 1461 keV from potassium-40 become important. The construction of ATTIKUS will lower the influence of background gamma rays, using the coincidence trigger, which will only apply to neutrons. The overall experimental set-up will include four identical ATTIKUS detector modules surrounding a target chamber containing low-pressure helium gas, as shown in Figure 2. The heavy ion beam will be oriented to travel along the length of the detector modules.



The remainder of this paper details the Monte-Carlo optimisation that has been performed in order to best inform the components that should be used to construct the detector. The efficiency of the device was optimised by varying the dimensions of certain components and the achievable position resolution was quantified.




2.3. Monte-Carlo Simulations


The Monte Carlo simulations were performed using the CRESTA framework [22], previously developed by J. P. Stowell in 2018. The program, CRESTA, is a front end package designed to interface with the Geant4 framework, and allows the user to quickly generate different detector geometries through modification of a series of input files, without needing to recompile the program. It is therefore ideal for rapid optimisation studies. The back-end of CRESTA, Geant4 [23], is a toolkit for the simulation of the passage of particles through matter. Built-in Geant4 libraries cover phenomena useful to this project, such as: standard EM processes, low energy EM processes, hadronic processes, photon/lepton-hadron processes and optical photon processes. In all cases, the simulations were carried out with the Shielding physics list in Geant 4.10.7, with extensions for Cherenkov and scintillation photon transport.



2.3.1. Efficiency Studies


The detector efficiency (number of detected neutrons/number of incident neutrons) has been optimised for a flat distribution of neutron energies between 2 and 4 MeV. The layered nature of the detector construction means that quick changes to the geometry can be made if necessary, when working with a different neutron energy spectrum. Monte Carlo studies have indicated, as expected, that higher energy neutrons will require larger amounts of moderator and so, the relative sizes of each detector layer will need to be changed. The sandwich-like detector construction permits this very easily.



These initial, basic simulations work on truth-level Monte-Carlo. The chosen energy distribution of neutrons is directed into the detector perpendicularly as shown in Figure 3. This figure shows the paths of neutrons entering the detector and their paths inside the detector. Some scatter inside the detector and escape, some (not shown) pass directly through the detector without interacting, and others do interact and are captured inside the detector. Two classes of events were considered. Firstly, those that moderate and stop somewhere in the detector. Secondly, coincidence events that interact in the plastic scintillator (blue) then later go on to be captured in another detector layer (necessary for neutron/gamma discrimination).



The efficiency is largely determined by the ratio of thicknesses of High-Density Polyethylene (HDPE) and wavelength shifters (WLS) inside the detector volume. The EJ-280 WLS, produced by Eljen, is manufactured in fixed thicknesses and for the optimisation purposes, 10 mm- and 20 mm-thick pieces were considered. The efficiency was then recorded as a function of HDPE thickness. The HDPE moderator is significantly cheaper than the WLS, so cost is also something that should be factored into the discussion. Figure 4 shows the total efficiency for neutron capture inside the detector as a function of HPDE thickness for WLS of 10 mm and 20 mm.



However, the important quantity is the coincidence efficiency for events that interact in the plastic scintillator then later go on to be captured in another detector layer, permitting neutron/gamma discrimination. As expected, the absolute efficiency for this process is significantly lower than for simple neutron capture. Figure 5 shows the coincidence efficiency as a function of HDPE thickness. The efficiency for interaction in the plastic scintillator layer was seen to increase linearly with the thickness of this layer and a 30 mm-thick piece was chosen due to cost constraints. This coincidence efficiency does not account for the dead-time (up to 1000 μs) that will be introduced when measuring neutrons in practice. Given that a plastic scintillator pulse is followed by the capture pulse from the Li:ZnS, during this time window, the detector should not be sensitive to additional neutron interactions. This count-rate-dependent effect will lower the coincidence efficiency. This effect will be count rate dependent, and will be further explored once the detector is constructed.



The parameters that were chosen are: HDPE thickness 15 mm, WLS thickness 10 mm and EJ-204 plastic scintillator thickness 30 mm. Although the efficiency for 20 mm-thick WLS was slightly higher by 0.2%, it corresponded to a significant cost increase of 15%.



These simulations optimise the efficiency for detection of 2–4 MeV neutrons, as expected for measuring the astrophysical reaction of interest. However, a future study to assess the efficiency as a function of neutron energy is planned. It is important to quantify this to apply ATTIKUS to measuring neutrons from other nuclear reactions. The coincidence efficiency will fall with increasing neutron energy, given that higher energy neutrons are less likely to fully moderate in the limited available layers of HDPE before escaping, and thus are less likely to satisfy the coincidence trigger conditions.




2.3.2. Basic Position Resolution Studies


The neutron track in Figure 3 indicates that the neutrons can undertake significant “walk” inside the detector before being captured. This worsens the resolution with which the position of incidence can be determined, which is crucial for determining the centre-of-mass energy of the reaction being measured in TTIK. To explore the extent of this effect, a uniform flux of 2–4 MeV neutrons was simulated to enter perpendicularly into the efficiency-optimised detector, along its whole 1-metre length, and the eventual capture position of the neutron was compared with its incidence position along the beam direction. The difference between these two quantities is plotted as a histogram in Figure 6.



The distribution has a FWHM of around 15 cm. This spatial resolution translates into an energy resolution, because, as mentioned in Section 2.1, the heavy ion beam loses energy as it traverses the gas, and the emission position of the neutron uniquely determines the centre-of-mass energy of the reaction. Since this resolution is derived from the true capture position of the neutron, this is limited by the chosen thicknesses of HDPE layers. No amount of improvements to scintillator light collection or readout electronics could significantly improve on this. This resolution was found to be fairly insensitive to the HDPE and WLS thicknesses optimised in the previous section.



The incidence position of the neutron is better obtained from the interaction position in the fast neutron layer of the detector. The plastic scintillator is the first layer of the detector that a neutron strikes and therefore it makes sense that the interaction point in this layer is much closer to the initial point of incidence. The difference between the incidence and plastic scintillator interaction position of the incident neutrons is shown in Figure 7.



It can also be noted that for neutrons incident perpendicularly on the detector, that the fast neutron interaction point in the plastic scintillator and the point of capture of the moderated neutron are correlated. Figure 8 shows a histogram of the difference between these two interaction positions, as measured along the length of the detector. This correlation could, in principle, be used to coarsely determine the angle of neutrons as they enter the detector.




2.3.3. Optical Simulation


The work detailed so far has concerned truth-level Monte-Carlo, where we have insight into the exact interaction positions of the particles in the detector. However, if we wish to fully simulate the detector and a realistic response to neutron interactions, optical photon processes need to be included. In the detector, the photons generated due to the interaction of charged particles propagate to the photomultiplier tubes, which gives rise to the detector response.



In Geant4/CRESTA, optical and scintillation properties of materials can be included in the simulation. This allows scintillation photons to be generated due to the interaction of charged particles in scintillating media. Relevant parameters for the simulation include: scintillation efficiency (photons per 1 MeV electron); emission spectrum; light attenuation length; rise time and decay time; refractive index; reflectivity and absorption properties at all material boundaries. For the light detecting medium (PMT), the spectral response function is required. The absorption and emission spectra of the EJ-204 (plastic scintillator) and EJ-280 (WLS), along with the sensitivity of the Hamamatsu R1250 PMT is shown in Figure 9.



Once this has been included, the paths of individual photons can be tracked through the detector towards the PMTs. Graphical visualisation of this process is difficult because it is computationally intensive due to the number of optical photons. Nonetheless, the optical simulation of a single coincidence neutron detection is shown in Figure 10.



Simulations showing rejected events, which do not meet the coincidence trigger, are shown in Figure 11. Here the neutron either interacts in the plastic scintillator or is captured after it is moderated, but not both.



Once this is done, the number of photons arriving at each of the PMTs as a function of time can be examined as is shown in Figure 12. This figure shows the pulses generated by a neutron entering the detector off-centre. This is signified by the offset in pulse heights. An off-centre interaction means that the optical photons entering one of the PMTs must travel further than the other. During this propagation, the light intensity attenuates in line with the optical properties of the materials, giving a mis-match in the pulse heights, which can be used to obtain the interaction position.



More realistic timing pulses were then generated by taking into account the properties of the PMT as introduced in reference [24]. The single photoelectron waveform model is used 1000 times for each photon to build up an accurate waveform. The code has been modified to match the Hamamatsu R1250 rise time, however there is still some uncertainty in the total magnitude of the pulse. It is not possible to fully model the gain and saturation until the specific PMTs are obtained and pulse height spectra are measured. The sample time is 2 ns, to match the 500 MHz CAEN digitiser that will be used as the data acquisition system for the detector, when built. The pulses may be seen in Figure 13.




2.3.4. Detailed Position Resolution Studies


With access to the scintillation pulses reaching each of the PMTs, as shown in Figure 12, realistic position resolution studies can be made. All events where neutrons scatter in the plastic scintillator layer and are captured after moderation are considered. There are two trigger windows. To constitute a “trigger” at least 10 photons are required in the first 1000 ns after the first photon arrives, and then another 10 photons in the 10,000–100,000 ns window. This trigger is not optimised at this stage; it is based on what seems reasonable to trigger on with the digitiser whilst still reliably discriminating the fast scintillator pulse from the delayed ZnS pulse.



The ZnS pulse produces a long pulse train, which is not captured by the simulation, so in reality, we will need a clear region where the fast scintillator pulses drop out (around 500 ns), before the neutron is captured in the ZnS layer, to clearly identify two separate events. Further trigger optimisation will be made in response to experimental tests of an operational detector module.



The position resolution of the detector was obtained by examining the pulse height asymmetry of the fast neutron pulses, due to interactions in the plastic scintillator layer, because, as previously discussed, the interaction position in the plastic scintillator is close to the incident neutron position. The pulse height asymmetry, A is calculated as


  A =    Q 1  −  Q 2     Q 1  +  Q 2     








where   Q 1   and   Q 2   are the integrals of the fast neutron pulses measured at each end of the detector. The pulse height asymmetry, and incidence position are plotted together as a 2D heat map in Figure 14, which demonstrates a clear correlation.



One dimensional slices of Figure 14 are shown in Figure 15 and Gaussian fits to these distributions demonstrate a typical position resolution of σ = 10 cm for the 2–4 MeV neutrons. This is close to the design goal. It is expected that the position reconstruction resolution will vary with incident neutron energy. One of the limiting factors in position resolution is the integral of the pulses measured in the PMTs at each end of the detector, which is dictated by photon counting statistics. Higher energy neutrons will result in larger signals in the plastic scintillator, resulting in more scintillation photons, meaning that the fractional uncertainty on the interaction position will reduce approximately as   1 /  E   . This characteristic will be explored in future work.



The range in pulse height asymmetry is limited here because of the relatively long attenuation length of the plastic scintillator. This could be improved by introducing losses at the surfaces of the plastic scintillator, either by sanding/dulling the surface or painting it matte black. This would lead to an improvement in the position resolution but an overall decrease in photon collection efficiency, leading to lower amplitude pulses. This is still being investigated.



Another way to improve the position resolution would be to work with the relative arrival times of the pulses, rather than the pulse heights. Given that the light entering each PMT travels different distances, there is an asymmetry seen in the arrival times of each pulse. This can be seen in Figure 13, where the blue pulse, corresponding to the closest PMT to the interaction point, has an earlier time of arrival and a larger pulse height. This method of position reconstruction has previously been used by the PROSPECT collaboration [21] who actually obtained a similar position resolution of 20 cm in a 117 cm-long liquid scintillator cell, although this value is limited due to the digitiser sampling time specification.



Digital electronics do exist that will sample at a high enough rate for this timing technique to be effectively applied to ATTIKUS. The company CAEN have produced a 742 model digitiser with a 5 GHz sampling rate. Given the refractive index of the EJ-204 = 1.58, each 0.2 ns time bin corresponds to a light propagation distance of around 4 cm, which dictates the position resolution obtainable. For the 742 digitiser, the analog inputs are continuously sampled by the 1024 capacitive cells in a DRS4 chip at the 5 GHz frequency. Once the trigger condition is met, the capacitors are released, and data are converted by a 12-bit ADC at a lower frequency and stored into a digital memory buffer. However, because the sampling and the analog-to-digital conversion are not simultaneous, a dead-time of >110 μs is introduced, during which the board cannot accept other triggers. So although this technique would work well for low rate experiments such as PROSPECT, for our purposes, it may introduce too much dead time.



Finally, it may be possible to determine the centre-of-mass energy of the reaction directly from the measured neutron energy. For most coincidence events, the neutron only scatters once within the plastic scintillator layer, meaning that the recoiling proton that gives rise to the scintillation light only carries away a fraction of the neutron energy. In future Monte-Carlo studies, we plan to determine if there is indeed a correlation between the incident neutron energy and the fast scintillator pulse.




2.3.5. Simulations under Beam Conditions


To understand the performance of the detector under realistic experimental conditions, further Monte-Carlo simulations were performed to properly simulate a 13C beam passing through the helium gas and losing energy. The 13C(α,n) reaction was simulated based on a custom cross section and neutrons were emitted from the reaction with an isotropic angular distribution. These generated neutrons can then be used as the neutron source in future simulations of the detector array. The generation of neutrons from this reaction in the gas cell are shown in Figure 16.



A phenomenological cross section was used for these simulations. The 13C(α,n) cross section was chosen to be zero, aside from a single Gaussian resonance at 2.25 MeV centre-of-mass energy. The resonance was chosen to have a Full Width at Half Maximum of 20 keV. The uncertainty in the experimental 13C(α,n) cross-section is large in this region, and is an area that is a priority to examine experimentally once the detector is constructed. A 13C beam energy of 10 MeV was chosen and a 2 Torr helium gas pressure means that this beam loses around 1 MeV in the one-metre-long gas cell. Therefore, reactions take place at centre-of-mass energies between 2.12 to 2.35 MeV.



Figure 17 shows the production positions of the neutrons along the helium cell, when the simulation is run with the custom cross section for 13C(α,n). As expected, the simulations show the neutrons being generated around the centre of the detector for 2 Torr of helium, since the resonance energy lies almost directly in between the maximum and minimum centre-of-mass energies traced out by the beam. Based on Figure 16, it is expected that the neutron position reconstruction position resolution will be worsened compared with the results of Section 2.3.4, given that neutrons emitted at scattering angles away from 90° can enter the detector some distance away from the actual interaction point. This could be corrected by introducing neutron collimation, made from borated HDPE. Alternatively, if the detector response is quantified for various neutron interaction positions, and the experimental data have high enough statistics, a cross section unfolding procedure could be applied.






3. Conclusions and Future Work


High quality nuclear data lie at the heart of accurately modelling astrophysical environments and terrestrial nuclear reactors. New, effective neutron detection systems are required for improvements to be made in quantifying the cross sections of certain reactions.



A new low-cost, low-background method of detecting neutrons with position sensitivity has been introduced in the form of ATTIKUS. The ability of the ATTIKUS detector to measure the position of incident neutrons in the 2–4 MeV range was demonstrated. An 8% efficiency and a position resolution of 10 cm were obtained. Although this position resolution is slightly poorer than the design goal, limiting the centre-of-mass energy resolution of the reactions under consideration, some improvements can be made. Reducing the attenuation length of the plastic scintillator, and access to timing information using a higher specification digitiser would improve the situation. In its present form, the design of ATTIKUS is suitable for measuring the 13C(α,n) reaction, a crucial neutron source for the astrophysical s-process in Asymptotic Giant Branch (AGB) stars. However, the energy range measured in each run would need to be reduced in order to compensate for the poorer resolution. We still deem this technique more efficient than typical experimental runs with many beam energy changes.



The long delay between the initial fast neutron pulse and capture pulse will require long time windows (1000 μs) for the digitiser in an experimental set-up. This affects the permitted count rate for the detector, given that in a high-flux neutron setting, pile-up of events may occur. This is not a problem for typical astrophysical reaction measurements, where a maximum of a few neutrons counts per second are expected. The pile-up probability is 0.1% for 0.2 n/s count rate, 1% for 2 n/s and 5% for 10 n/s.



Measurements of astrophysical nuclear reactions, such as 13C(α,n) are typically sensitive to the effects of backgrounds given that low neutron count rates are expected. As such, influences from common environmental gamma-rays, such as the 1461 keV from potassium-40 may become important. The influence of background gamma rays will be suppressed by the coincidence trigger, which will only apply to neutrons. However, it is possible that a gamma-ray could interact in the plastic scintillator layer, giving rise to a measurable signal, followed by a neutron, which has not interacted in the plastic scintillator, being captured by the Li:ZnS. This would mimic the triggering conditions. This possibility has been explored for a typical background gamma flux in a nuclear laboratory setting [25]. Given the low efficiency for 1461 keV gamma interactions in the plastic scintillator layer and the efficiency for neutron absorption (for 2–4 MeV neutrons it is 18%) a 0.2% contribution from background gamma-rays was calculated.



The performance of the detector during the Monte-Carlo simulations has also demonstrated that this type of detector could be used for low-background neutron spectroscopy with a traditional experimental set-up. By surrounding a solid 13C target with the detectors, while it is bombarded with an α-particle beam, angular distributions for the 13C(α,n) reaction could be measured by aligning the detectors into a wall arrangement. This is topical, since recent experiments [20] have highlighted significant discrepancies. Such an experiment would complement the planned TTIK measurements.
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Figure 1. Upper panel: A single detector module rendered in Geant4, with individual components labelled. White sheets: HDPE. Green: wavelength shifting light guides. Yellow: Li:ZnS foil. Blue: EJ-204 plastic scintillator. Red: Photomultiplier tube face. Lower panel: The CAD rendering of a single detector module. 
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Figure 2. The arrangement of four ATTIKUS detector modules around the gas target vessel and ion beam. The set-up is shown specifically for measuring the 13C(α,n) cross section. As the 13C ion beam passes through the 4He gas, it loses energy. The interaction point (emission position of the neutron) dictates the centre-of-mass energy of the nuclear reaction. The centre-of-mass energy resolution of the detector is therefore limited by the position reconstruction position of the neutron. 
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Figure 3. Neutron tracks entering and moderating inside the detector volume. Two classes of events were considered. Firstly, those that moderate and stop somewhere in the detector. Secondly, coincidence events that interact in the plastic scintillator (blue) then later go on to be captured in another detector layer. Neutrons were simulated from a flat distribution between 2–4 MeV. 
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Figure 4. Efficiency for neutron capture inside the detector as a function of HPDE thickness, for WLS thicknesses of: upper panel, 10 mm and lower panel, 20 mm. Neutrons were simulated from a flat distribution between 2–4 MeV. 
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Figure 5. Coincidence efficiency for simple neutron capture inside the detector as a function of HPDE thickness. Upper panel: WLS thickness 10 mm and EJ-204 thickness of 30 mm. Lower panel: WLS thickness 20 mm and EJ-204 thickness of 20 mm. Neutrons were simulated from a flat distribution between 2–4 MeV. 
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Figure 6. The difference between the incidence and capture position of the simulated 2–4 MeV neutrons. 
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Figure 7. The difference between the incidence and hit position of the incident 2–4 MeV neutrons in the plastic scintillator layer. Neutrons were simulated from a flat distribution between 2–4 MeV. 
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Figure 8. The difference between the capture position of the moderated neutrons and the hit position of the incident neutrons in the plastic scintillator layer. Neutrons were simulated from a flat distribution between 2–4 MeV. 
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Figure 9. Absorption and emission spectra of detector components along with the PMT sensitivity. 
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Figure 10. The full simulation of a coincidence neutron interaction in the detector. The incident 3 MeV neutron path is shown in green. The initial scatter in fast scintillation layer and resulting capture after moderating give rise to optical photons in the plastic scintillator and one of the WLS light guides. The optical photons are shown in yellow. 
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Figure 11. Left panel: the optical photons generated by an initial neutron scatter in fast scintillation layer. Right panel: the optical photons generated by neutron capture after being moderated. The 3 MeV neutron path is shown in green and the optical photons in yellow. 
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Figure 12. Pulses calculated based on the number of photons entering the PMTs as a function of time for a 3 MeV incident neutron. The pulses from each PMT are shown in blue and red, respectively. 
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Figure 13. Realistic timing pulses taking into account the PMT and digitiser properties, for a 3 MeV neutron. Upper panel: fast scintillator pulses. Lower panel: delayed capture pulses. Time on the horizontal axis is 2 ns per sample. The light and dark pulses are those recorded by the PMTs at each end of the detector, respectively. 
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Figure 14. Pulse height asymmetry as a function of known incident neutron position, for the fast neutron scattering pulses. Neutrons were simulated from a flat distribution between 2–4 MeV. 
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Figure 15. One-dimensional slices to demonstrate the position resolution obtainable from the fast neutron pulses. The different colours indicate different slice positions along the detector length. Neutrons were simulated from a flat distribution between 2–4 MeV. 
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Figure 16. Neutron production in a helium cell, after the energy loss of an incident 13C beam and the resulting 13C(α,n) reaction. 
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Figure 17. The emission positions of the neutrons from the 13C(α,n) reaction along the beam path through the 2 Torr helium. 
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