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Abstract

:

The advance of laser-driven neutron sources (LDNSs) has enabled neutron resonance spectroscopy to be performed with a single shot of a laser. In this study, we describe a detection system of epithermal (∼eV) neutrons especially designed for neutron resonance spectroscopy. A time-gated photomultiplier tube (PMT) with a high cut-off ratio was introduced for epithermal neutron detection in a high-power laser experiment at the Institute of Laser Engineering, Osaka University. We successfully reduced the PMT response to the intense hard X-ray generated as a result of the interaction between laser light and the target material. A time-gated circuit was designed to turn off the response of the PMT during the laser pulse and resume recording the signal when neutrons arrive. The time-gated PMT was coupled with a 6Li glass scintillator, serving as a time-of-flight (TOF) detector to measure the neutron resonance absorption values of 182W and 109Ag in a laser-driven epithermal neutron generation experiment. The neutron resonance peaks at   4.15   eV of 182W and   5.19   eV of 109Ag were detected after a single pulse of laser at a distance of 1.07 m.
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1. Introduction


As newly developed tools for neutron generation, laser-driven neutron sources (LDNSs) have shown excellent potential in various fields, such as medicine [1], nuclear physics [2,3], inspection of materials [4], and industrial applications [5]. Some efficient methods of neutron generation using laser pulses, such as using high-energy ions (protons or deuterons) accelerated by laser–matter interactions to generate neutrons by nuclear reactions with a secondary target (Li or Be) [6,7], nuclear fusion [8], and photonuclear reactions [9,10], have been reported. Many theoretical and experimental attempts have been made to interpret the mechanism of ion acceleration resulting from the interaction between laser light and materials [11,12,13,14,15]. By focusing a laser beam on a thin foil target with a relativistic intensity, which exceeds   10 18   W·cm−2for a wavelength of 1  μ m, electrons are accelerated toward the target’s rear side and an intense electrical field is induced on the rear surface. The electrical field accelerates the ions towards the normal direction of the target’s rear surface with an energy of up to several dozen MeV [16]. To achieve neutron generation, high-energy ions bombard the secondary target of Be and induce nuclear reactions of 9Be(p,n)9B and 9Be(d,n)10B to generate fast neutrons with energies of up to dozens of MeV and a quantity of   10 10   n/sr [7,8,17,18]. The energy of these fast neutrons can be decreased by adding a moderator material, so some applications requiring cold, thermal, or epithermal neutron beams can be attempted with an LDNS [3,7,19,20].



Neutrons are generally measured by the time-of-flight (TOF) method [21], in which neutron signals are recorded temporally, and the energy is calculated from the flight speed. In high-energy laser-driven neutron experiments, one of the major hindrances to neutron measurement is that all reactions, including laser-induced ion acceleration and neutron generation, release a large amount of energy in the form of intense hard X-rays [5]. In most types of neutron TOF spectroscopy, a scintillation detector coupled with a photomultiplier tube (PMT) is typically used to record the fluorescence induced by neutrons. In fast neutron (with an energy of dozens of MeV) measurement, relatively long flight passes up to a few dozen meters have been used to provide a long flight time that keeps the neutron signal separated from the X-ray peak [7,17,18,22]. Although the intense X-ray generated by the laser shot could be separated from epithermal neutrons, the residual emissions in the scintillation crystals are still strong enough to overshadow the signals of the neutrons. In addition, with a long-time window of epithermal neutron measurement, a large amount of signal can saturate the PMT, leading to a loss of linearity in subsequent responses. When the distance of the TOF is longer, it is possible to separate a laser shot X-ray and neutron signals. Nevertheless, such longer TOF distance leads to fewer detected neutrons due to the quasi-isotropic generation of a laser-driven neutron source. To obtain good statistics and neutron utilization efficiency, a shorter distance is expected. However, the intensity of X-rays also increases when the detector is closer to the source. Therefore, there is a necessary requirement to cut off the X-ray signal.



To cut off the X-ray signal, some time-gated neutron detectors have been developed [23,24,25] for neutron detection. A customized electrical time-gating (ETG) system has been coupled with a PMT to stop the multiplication of electrons during a specific period by applying a reverse bias on the dynodes of the PMT [26,27,28,29]. Although PMTs with ETG systems have been developed for a long time and there are commercial modules providing ETG functions, few products are suitable for high-energy laser-driven neutron experiments. The overload current of the X-ray signal usually disables the commercial ETG circuit. Furthermore, there is another problem. Most models available for sale provide only relatively small photosensitive surfaces ( ϕ  < 1 cm), while detecting laser-driven neutrons requires large scintillators ( ϕ  > 2 cm). Therefore, commercial modules are not feasible for laser-driven neutron experiments.



For a time-gated PMT with an ETG system, the bias voltage is generally delivered by a capacitor. The charging time of the capacitor determines the speed of the switch. However, for high-energy laser experiments, the capacitor may be completely discharged in several to dozens of  μ s, causing the ETG to shut down earlier than the set time. As reported in [25], a high-speed ETG can provide a switching time of less than 100 ns by using a 10 nF capacitor (C2 in Ref. [25]). This design enables the detection of fast neutrons in high-energy laser experiments. However, for low-energy neutrons, the time length of the signal can be hundreds of  μ s or several ms. The capacitance is unable to maintain such a long-time switch and is discharged in approximately 10  μ s, though a bigger capacitance can be used to provide a large flow current output. However, the characteristics of the RC loop determine that a large capacitance inevitably leads to a slower response time. For example, to detect the epithermal neutron signal in dozens of  μ s, a capacitor over 1  μ F is needed to keep the bias applied on the gated dynodes. As the resistances between dynodes are generally hundreds of kOhm, in that case, the RC time constant can be evaluated as >0.1 s. The time is obviously too slow for the neutron detection. A time-gated PMT with an ETG circuit that is normally on may be a solution for this problem. Previous research [28] has reported that switching the dynodes at the cathode end of a tube (K, Dy1 and Dy2) can result in a higher cut-off ratio and less interference on the normal response. However, for the present purpose, time-gating by switching the K bias is not feasible for the PMT due to the slow response time (>100  μ s) of the semitransparent bialkali photocathode.



In this study, we developed a customized time-gated neutron TOF detector with a high cut-off ratio for the time gate, a large tolerance for the load current, and the ability to maintain linearity throughout long time measurements. The cut-off ratio refers to the electron gain of the PMT between the on and off states, which is controlled by the ETG system. We designed a time-gated PMT with an ETG circuit that is normally on. The normally on ETG can maintain the PMT in a normal working response and shut down when there is no control pulse input and a square pulse, respectively. With this design, transient shutdowns are needed only in a very short period of several µs during a laser shot. The normally on ETG ensures an unlimited measuring time. The fast-switching gate and high cut-off ratio allow measurements in high-energy laser experiments with intense background and noise levels.



Furthermore, we conducted test experiments using a fast ignition experiment (LFEX) laser system at the Institute of Laser Engineering (ILE), Osaka University. We coupled the time-gated PMT with a 6Li glass scintillator to form a time-gated epithermal neutron detector. The detector was set with a neutron beamline of 1.07 m. Two neutron resonance samples, W and Ag, were placed along the beamline for the evaluation of the epithermal neutron signal via neutron resonance absorption.




2. Materials and Methods


2.1. Development of the Time-Gated PMT


The PMT we used for time-gated development is an 8-stage linear-focused type HAMAMATSU-R2083, which provides a 46 mm diameter, the effective area of a bialkali photocathode, and an anode pulse rise time of 0.7 ns. A diagram of the structure is shown in Figure 1. There is a focusing grid (G) and an accelerator electrode (ACC) between the photocathode (K) and dynodes (Dy n, n = 1, 2, 3...) to increase the collection rate and reduce the photoelectron transit time [30]. The multiplication of electrons is dominated by the voltage of the dynodes. The electrons are guided by the potential difference between the dynodes, reflected stage by stage, and finally collected to output a current signal by the anode.



To realize a normally on gate, we designed a voltage-dividing circuit for dynodes and added an ETG subcircuit on Dy1 to reverse the bias between Dy1 and Dy2 during the high-level gate-control signal. The voltage-dividing circuit and ETG subcircuit are shown in Figure 2a,b. The voltage-dividing circuit is the main circuit of the PMT and is powered by a high voltage of −1400 V. Therefore, the potential of each dynode increases stage by stage from Dy1 to Dy8 to ensure that the electrons can be accelerated between the dynodes. The capacitors connected in parallel with the resistors in the last stages stabilize the voltages to maintain linearity when the large number of electrons hitting on the dynodes cause reverse currents [31]. Dy1 is connected to an independent parallel branch separately, which supplies a potential. The ETG subcircuit, which is named HV Pulser and depicted in Figure 2b, is also connected to Dy1 through capacitor C15. HV Pulser IO1-4 is connected to a +360 V high-voltage power source with an output to capacitor C15, a 4 V TTL control pulse signal input, and the electrical ground. The control signal is input to a gate driver, UCC27517DBVR, which drives an N-channel high-voltage MOSFET (UF3C065080K3S) to generate a square pulse of 360 V.



The expected temporal characteristic of the time-gated PMT is shown in Figure 3a. When a +4 V TTL signal is delivered to the HV Pulser, a square pulse of +360 V is generated and delivered to Dy1 through C15. The potential of Dy1 increases by 360 V, making it 10 V higher than the potential of Dy2. Therefore, the bias between Dy1 and Dy2 is reversed to prevent the electrons from reaching Dy2. Thus, the gate is off and the gain of the PMT is theoretically close to 0. In the normal state, the Dy1 potential is lower than that of Dy2. The electrons are accelerated to Dy2, multiplied in the subsequent stages and finally output as a current signal from the anode. The temporal performance of the time-gated PMT was tested with an LED light in a darkroom, and the test results are shown in Figure 3b. The gate control signal, DC power to the LED, and PMT output signal were recorded by an oscilloscope. The gate control signal was a TTL pulse generated by a digital pulse generator (DG535), as shown by the black line. The LED light was powered by a DC pulse output of DG535, as shown by the red line. The level of the input gate control signal changed during the period when the LED was glowing. The response signal of the time-gated PMT was recorded and is represented by the blue line. Before the gate control signal changed to a low level, although there was incident light from the LED, the response signal of the PMT was zero. When the gate control signal changed to a low level, the gain of the PMT was restored, and the response signal was output with a stable linearity. An enlarged figure of the lower edge of the gate controlling signal is shown on the left of Figure 3b. Here, we defined two parameters to evaluate the time performance of the time-gated PMT: the transit time and the raising time. The transit time represents the time from the start of the low edge of the gate signal to the start of the high edge of the gain. The rising time is the gain of the time-gated PMT from 0 to the maximum. These two delays are generated by the external capacitance in the path when the bias is passed to Dy1. The transit time and raising time were determined to be approximately 170 ns and 400 ns, respectively. In practical operation, the transit time can be offset by adjusting the gate signal time. The gain of the time-gated PMT was calibrated by a typical HAMAMATSU H2431-50 PMT module with an LED light. By comparing the output signal levels of H2431-50 and time-gated PMT, we evaluated the gain of the time-gated PMT to be   8 ×  10 4    during the on period.



The effective time of the high-voltage pulse applied on Dy1 was determined by the time constant of the RC circuit containing C15. This design ensures an effective cut-off duration of dozens of  μ s, which is significantly longer than the pulse of intense X-rays that generally decays in 100∼200 ns. The secondary light emitted by the X-ray-excited scintillation crystals can remain for a relatively long time (a few  μ s).




2.2. Experimental Demonstration Using Laser-Driven Neutrons


To verify the feasibility of the time-gated detector in high-energy laser experiments, we implemented test laser shots using LFEX. The experimental setup is shown in Figure 4. In a high-vacuum chamber (<10−5 Torr), the 4 laser beams of LFEX were focused on a 5  μ m thick deuterated polystyrene (CD) foil target with an intensity of ∼  1 ×  10 19   W·cm−2, an energy of 1300 J, and a 1.5 ps pulse duration [7]. A secondary target of cylindrical Be with high-density polyethylene (HDPE) was placed 5 mm downstream of the CD foil, resulting in the generation of fast neutrons and slower neutrons in the energy region of eV, respectively. The petawatt peak power of LFEX allows one to generate fast neutrons up to 1011 [7,19,32], which is advantageous for the single-shot neutron analysis in the present study. The time-gated PMT was coupled with a 6Li glass scintillator (GS20, Scintacor Ltd., Cambridge, UK, 10 mm in thickness, 25.4 mm in radius). The neutron-induced nuclear reaction of 6Li(n,T) α  provides a large cross section in the low-energy region, which contributes to the high efficiency of neutron detection. The detection efficiency was calculated from the 6Li(n,T) α  cross-section data obtained from the JENDL4.0 database [33], considering the weight proportion and fraction of 6Li in the GS20 scintillator [34]. According to the calculation (Figure 5), a 6Li glass scintillator with a thickness of 10 mm can provide an approximately 20∼90% detection efficiency in the 1∼100 eV energy region. The GS20 scintillator was combined with the photosensitive interface of the PMT with a silicon optical glue. This scintillation detector was used as a neutron TOF detector at 1.07 m from the CD target. An aluminum flange (with a thickness of 2 mm) on the laser chamber was installed to provide a high transmittance of epithermal neutrons along the beamline. On the side of the detector, 5 cm thick lead and 1 mm aluminum foil were used as a shield to protect the detector from the EM shock and the background of neutron scattering.





3. Results


3.1. The Evaluation of X-ray Cut-Off Ratio of the Time-Gated Detector


To evaluate the X-ray cutoff of the time-gated detector, the neutron generator and the moderator were removed for the test shots, while the rest of the setup was retained. The gate-off time window was set from 1  μ s before the laser shot to 1  μ s after the laser shot. The signal of the X-rays induced by the laser incident on the CD foil target was observed in the response signal (the enlarged part in Figure 6) regardless of the cutoff. This was attributed to the direct irradiation of the X-rays on the secondary and subsequent dynodes in the PMT. The ionization of the residual gas in the PMT further generated electrons. The direct irradiation-induced X-ray signal was acceptable when it was within the tolerance of the PMT. When the ETG system was switched on, the PMT output noise signals, including residual X-rays and scattered neutrons, as discrete pulses after 1.5  μ s (Figure 6). For epithermal neutrons with energy of hundreds of eV, the most applied scintillator 6Li glass generated approximately 6000 photons for every neutron incidence event [35]. Considering the gain of the time-gated detector, we estimated the response signal level of a neutron to be 10∼100 mV. The signal level was consistent with the pulse height in the test signal (Figure 6), suggesting that some background (scattering neutrons and X-rays) was detected in the CD shots. The results of the test experiments showed an effective cutoff of the X-ray signals, while some background neutrons were detected after the gate switch was on.




3.2. Demonstration for Neutron Resonance Measurement


The neutron resonance absorption measurements [7] were implemented with the introduced setup (Figure 4). Two resonance absorbers (W and Ag, both of size 100 × 100 × 0.1 mm) were set in the neutron beamline, outside of the laser chamber. The time-gated detector was set to switch on 6  μ s after the laser pulse. The X-rays generated by the laser irradiation and the neutron generation were observed in the raw signal (Figure 7a) as a sharp peak at time zero. Compared to the main signals detected after the gate was switched on, the X-ray signals showed much lower amplitudes due to the cut-off of the ETG system. An intense main signal pulse with a height of several volts was observed at the time the gate was switched on. The signal showed exponential decay. This indicated that the main contribution of the pulse was the charge remaining in the PMT during the gate-off time. Two dips were observed 30  μ s after the laser shot (enlarged part in Figure 7a). As seen by converting time to energy, the energies of the dips corresponded to the neutron resonances of 182W at   4.15   eV and 109Ag at   5.19   eV. The dips in the signal demonstrated that eV-energy neutrons were successfully detected by our time-gated detector at 1.07 m. Considering the neutron cross section of Ag and Ta, the samples with a 0.1 mm thickness should absorb over 90% neutrons. However, the small dips in raw data (Figure 7a) were far less than the total signal height, which indicated the lack of statistics or an intense background. The theoretical transmittance of neutrons (dashed and dotted lines in Figure 7b) were calculated using the cross-section data obtained from the JENDL4.0 database [33]. By considering the neutron pulse broadening in the moderator, the transmittance of the neutrons was evaluated as shown in Figure 7b. Compared with the theoretical calculation, the experimental transmittance showed broader peaks, which is thought to be influenced by some background and residual emissions in 6Li glass.





4. Discussion


The design of the ETG system introduced in this paper has high flexibility and development potential to be used in various high-power laser experimental conditions. For example, the RC loop that transmits the bias voltage generated by the ETG system can be further developed. The RC time constant determines the transient time of the circuit, which is the gate-off time in an normally on PMT. Since laser beams have a very short pulse and the X-ray backgrounds rapidly decay within hundreds of ns, The gate-off time can be set to very short. Therefore, the small RC can realize an ultrafast ETG for the beamline shorter than 1 m or higher neutron energies (KeV∼MeV). The shorter beamline in laser-driven neutron experiments significantly improves the detecting efficiency of neutrons. With the development of LDNSs, the time-gated detector can be used to configure a neutron spectroscopy system for multiple purposes as introduced in Section 1. However, the experimental results above showed small peaks that could be unclear for further investigations. The results reported in Ref. [7] showed single-shot resonance measurements which were detected by the same time-gated PMT with a slight change in the switching speed. Furthermore, similar ETG circuits can be connected to multiple dynodes to provide a higher cut-off ratio.



In our experimental results (Figure 7), the backgrounds still existed after the gate-on time. As an alternative approach to avoid these backgrounds, Ref. [36] reported a method in which the optical detector was set far from the scintillator to avoid the X-rays. Only the neutron scintillator was set in the beamline, and a light guide was used to transmit the light signal to the optical detector. This method seriously reduced the detection efficiency of neutrons but had a good shielding effect on backgrounds such as X-rays and scattered neutrons. The time-gated detector could integrate that method to improve the quality of the resonance spectrum. In addition, since there was no shield and collimator along the beamline in our detector test experiments, a neutron collimator could be expected to keep neutron beams clear from the backgrounds.




5. Conclusions


We designed a time-gated PMT with a normally on ETG circuit. The time-gated PMT was coupled with a 6Li glass scintillator for a TOF epithermal neutron detector used in high-energy laser experiments. The ETG was tested with an LED light, showing a raising time of ∼400 ns and a stable linearity within the gate-on time. A neutron resonance absorption measurement experiment was conducted using an LFEX laser system at ILE, Osaka Univ. The time-gated detector was set at 1.07 m from the main target. The ETG circuit showed a high cutoff on X-rays generated from the laser shot time. The neutron resonance absorption values of 109Ag at 5.19 eV and 182W at 4.15 eV were detected. The neutron signal level and the transmittance of neutrons were evaluated. The experimental results demonstrated that our design was suitable for epithermal neutron detection with a short distance in high-energy laser experiments. The normally on ETG circuit achieved a stable linear response with an infinitely long time after the gate was switched on. The ETG circuit is expected to be applicable for any PMT with general voltage-dividing circuits. Minor modifications are possible for the ETG circuit to adapt to practical applications.
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Figure 1. R2083 manufactured by HAMAMATSU Photonics. 
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Figure 2. (a) Main circuit of the time-gated PMT. (b) The ETG subcircuit (HV Pulser) is connected to the main circuit (as IO1-4, corresponding to the same ports in (a)). 
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Figure 3. (a) Timeline of the TTL input signal, bias of Dy1-Dy2, incident light, and gain of the PMT. (b) The response test of the time-gated PMT. The black line (gate) is the TTL signal input to the ETG circuit. The red line (LED) is the voltage applied on LED. The blue line (PMT signal) is the response signal of the PMT. The translucent red region is zoomed in to the axis on the right side. 
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Figure 4. Laser-driven neutron experimental setup. 
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Figure 5. Calculated detection efficiency of 10 mm thick GS20. 
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Figure 6. The response signal of a gated PMT in a CD shot without Be or HDPE. 
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Figure 7. (a) The epithermal neutron signals. Each of the signals was recorded after a single shot of the laser. The neutron resonance absorption values of 109Ag at 5.19 eV and 182W at 4.15 eV were observed in the signals. Baselines were fitted for the signals to determine the amplitude of the neutron resonance absorption. (b) The neutron transmittance results were analyzed in terms of the raw signals. The theoretical transmittance of the experimental samples was calculated from the cross-section data obtained from the JENDL4.0 database [33]. 
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