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The Soreq Applied Research Accelerator Facility (SARAF) will be based on a 40 MeV, 5 mA CW (continuous wave) proton/deuteron superconducting linear accelerator, currently under construction at Soreq Nuclear Research Center in Yavne, Israel. It is planned to commence operation during 2025. Experiments at SARAF could provide data on high-energy deuteron- and neutron-induced cross-sections, yields and radiation damage, which are invaluable for the design and operation of the International Fusion Materials Irradiation Facility-DEMO-Oriented NEutron Source (IFMIF-DONES), and fusion technology in general. Pulsed beams (∼1 nsec) of variable energy deuterons will irradiate a lithium target and generate pulsed neutron beams with energy up to ∼55 MeV, which will be used to measure energy-dependent neutron-induced differential cross-sections, utilizing time of flight techniques. Impinging continuous wave (CW) 40 MeV deuteron beams on a unique gallium-indium (GaIn) liquid-jet target, will generate a neutron rate of more than 1 × 1015 n/sec, with energies up to ∼45 MeV. We plan to use this high rate to measure integral neutron-induced reaction yields of all channels simultaneously, employing an original novel method that will identify the reaction-produced nuclei via accurate mass measurement. The neutron-energy dependence of the yields could be deduced by combining measurements at various deuteron energies. The measured cross-sections and yields at SARAF may predict the activation characteristics of construction materials of IFMIF-DONES and future fusion reactors. The deuteron beams will also be used directly to measure cross-sections via in-beam and offline methods. The high neutron and deuteron rates will extend SARAF’s reach to rare materials. The deuteron beam power density on the liquid GaIn target will be 100 kW/cm2 (similar to IFMIF-DONES) on a 2 cm2 spot. The resulting neutron flux on small secondary samples will be in the 1013 n/cm2/s level, only an order of magnitude less than IFMIF-DONES. Therefore, SARAF may serve as a pilot facility for fusion-related radiation damage studies, providing important information towards the design of IFMIF-DONES.
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1 INTRODUCTION
Research and development of fusion technology is an ongoing world-wide effort that aims to design and build power plants based on nuclear fusion reactors. The underlying energy generation process will be d-t fusion, which generates neutrons at an energy of 14 MeV. At the demonstration fusion power plant (DEMO) [1], the neutron flux at the reactor chamber first wall is expected to be 1014 n/cm2/sec [2]. Therefore, thorough understanding of neutron-induced activation and radiation damage in construction materials is a paramount requirement for the reliable and safe operation of fusion power plants. To fulfill this need, the International Fusion Materials Irradiation Facility-DEMO-Oriented NEutron Source (IFMIF-DONES) [2] is being planned. It will be a neutron source with a broad energy distribution similar to that of d-t fusion, by irradiation of Li with 40 MeV deuterons [3]. The high deuteron current of IFMIF-DONES, 125 mA, will result in a neutron flux similar to that expected in DEMO [4].
The reliable and safe operation of IFMIF-DONES, a deuteron accelerator and neutron source of unparalleled power and performance, is a major scientific and engineering challenge on its own. Its detailed design requires high-quality cross-section data for reactions induced by neutrons and deuterons in the energy range up to ∼50 MeV. The expected deuteron- and neutron-induced activation along the accelerator and deuteron beamlines up to the Li target is crucial for defining the facilities beam-loss characteristics and predicting the residual radiation dose distributions in its vicinity.
A combination of neutron-induced yields and cross-sections comprises the “damage cross-section” [5], which is the main ingredient in theoretically evaluated neutron-induced radiation damage values [5]. Furthermore, long-lived activation products may lead to significant long-term waste disposal and radiation damage. Since nuclear data on high-energy neutron- and deuteron-induced cross-sections is scarce, it has become customary to use the evaluated nuclear data library TENDL [6] that is based on the output of the TALYS nuclear model code system [7]. However, TALYS uses nuclear models with parameters that rely on experimental data, so it has limited reliability for predicting unmeasured cross-sections for arbitrary nuclei in broad energy ranges. Even for iron, a widespread structural material in nuclear applications, recent benchmark studies of neutron-induced reactions showed discrepancies in TENDL [8]. Therefore, nuclear cross-section measurements of high-energy neutron- and deuteron-induced reactions on the structural materials of IFMIF-DONES and fusion reactors are highly needed.
The Soreq Applied Research Accelerator Facility (SARAF) [9, 10], under construction at Soreq Nuclear Research Center (SNRC) [11] in Yavne, Israel, is based on a superconducting linear accelerator of protons and deuterons up to 35 and 40 MeV respectively, at a current up to 5 mA continuous wave (CW). Its cutting-edge specifications (Table 1) will enable deuteron reaction studies up to 40 MeV, and unique irradiation targets [12–14] will make SARAF a world-competitive source of thermal to high-energy neutrons, reaching up to 45 and 55 MeV using liquid gallium-indium and solid lithium targets, respectively. Due to the novelty of SARAF’s accelerator and target technology, it was divided into two phases. SARAF-I had low energy (a few MeV) and high current (up to 2 mA CW protons) to test and characterize the required technologies and was used from 2010 to 2019 for research that utilized its exceptional beams [9, 10]. The full project (SARAF-II, Table 1) was approved in 2015 and is planned to be operational during 2025.
TABLE 1 | SARAF main beam specifications.
[image: Table 1]In this article, we elaborate our plans for deuteron- and neutron-induced research at SARAF. We show that it could be used to provide invaluable experimental data on cross-sections and yields that are needed for IFMIF-DONES and fusion reactors, which are currently evaluated only theoretically. We further show that the high-power density on the liquid GaIn target may generate locally a very high neutron flux, which could be used for radiation damage measurements on small samples, serving as a pilot for IFMIF-DONES.
2 NEUTRON AND DEUTERON EXPERIMENTS AT SARAF
SARAF will be based on a linear accelerator installed downstream of an electron cyclotron resonance (ECR) ion source, a low energy beam transport line (LEBT) and a 4-rod radio-frequency quadrupole (RFQ) pre-accelerator. The accelerator will include a 5-m-long medium energy beam transport line (MEBT) and four superconducting modules housing a total of 27 half-wave resonators (HWRs) with a frequency of 176 MHz. The design and construction of the SARAF accelerator are described in Refs. [15, 16]. In Figure 1 we show the layout of the SARAF accelerator, its high energy beam lines (HEBTs) and four irradiation target stations, which are described in Ref. [10]. Here we focus on the irradiation stations and experimental methods that are relevant for fusion technology research.
[image: Figure 1]FIGURE 1 | The layout of the SARAF accelerator, beam lines and irradiation stations as planned to be installed in the constructed target hall. The four irradiation areas are described in Ref. [10]. The yellow-highlighted part is a future extension that is not built yet. Reprinted with permission from [10].
2.1 Neutron-induced reactions
To fulfill the potential neutron rates from the high proton and deuteron currents of SARAF, advanced targets that serve as converters to neutrons are required. These targets must withstand a significant part (or even all) of the high power induced by the SARAF ion beams. The SARAF team has demonstrated and is developing several target types that are suitable for this challenge, which are described below in the context of their various applications.
2.1.1 Neutron in-beam differential cross-sections
Energy dependent differential cross-sections of neutron-induced reactions will be obtained by pulsed neutron beams. They will be produced by bombarding single bunches of deuterons on light ion targets such as Li, Be or B, thick enough to stop the ion beam. This maximizes the neutron rate, albeit producing a continuous energy spectrum that is resolved by time of flight (TOF) methods.
These experiments will take place in the fast neutron TOF hall (Figure 1) that has an 18-m neutron flight path. The SARAF 176 MHz ion beam structure comprises bunches with a width less than ∼1 ns separated by ∼5.6 nsec. To avoid overlap of slow neutrons from successive bunches (down to ∼0.1 MeV), the SARAF bunch rate should be reduced to below ∼250 kHz. This will be achieved by a fast beam chopper that acts as a single bunch selector, which has been demonstrated recently [17]. The highest single-bunch selection frequency achieved so far is 220 kHz [17], accelerating one out of 800 ion bunches. The achieved time resolution for the SARAF single-bunch selector is 0.75 ns FWHM [17]. Together with an estimated flight path uncertainty of 2–3 cm, the expected neutron energy resolution after an 18-m flight path is slightly above 0.2 MeV FWHM for 30 MeV neutrons.
Single-bunch selection at 220 kHz corresponds to an average current on target of 6–7 μA (average power of 250 W for 40 MeV deuterons). Based on measured neutron yields [3], such a pulsed deuteron beam will produce ∼1012 neutrons/sec [10] when impinging on a thick Li target (25 mm). An upgrade of the SARAF single-bunch selector to a frequency of up to 1 MHz is underway [17], which will enable an increase of the neutron rate by a factor of about 5. To avoid neutrons from successive bunches down to 0.1 MeV, the flight path should be reduced to 4 m, worsening the energy resolution to slightly below 0.8 MeV FWHM for 30 MeV neutrons. The flight path and bunch selection frequency can be interplayed in order to obtain optimal neutron rate or energy resolution, depending on the specific application.
Generating neutrons at a 1 MHz single-bunch selection will require light ion targets (preferably Li or Be) that are able to sustain power in the kW range. Such targets have been demonstrated at the Neutron for Science (NFS) facility at GANIL [18] and additional targets for the kW range are under development at SARAF [19, 20].
In Figure 2 we show the expected neutron fluxes at flight paths of 18 and 4 m, at maximal beam repetition rates that avoid overlap between successive bunches, in comparison to other pulsed neutron facilities. Clearly, SARAF will be a competitive facility for high-energy neutron studies from 0.1 MeV and higher, especially above 10 MeV, the relevant range for measuring neutron-induced reactions for fusion technology.
[image: Figure 2]FIGURE 2 | Expected neutron fluxes at the SARAF fast neutrons TOF hall, at flight paths of 18 and 4 m, with maximal beam repetition rates that avoid overlap from successive bunches. Neutron fluxes from other facilities (NFS, n-TOF, Geel, WNR) are adapted from [21]. Figure is adapted with permission from [17].
In parallel to increasing the single-bunch selection frequency, we are presently developing a “pre-buncher” upstream of the single-bunch selector. This device will focus the beam longitudinally before the fast-chopping procedure, thus significantly increasing the number of beam particles in a single bunch, consequently increasing SARAF’s pulsed neutron rate for any single-bunch selection frequency, beyond the rates given in Figure 2. The high neutron flux of SARAF could be utilized to measure reaction cross-sections on rare and radioactive targets that are available only in minute sizes.
Detection systems for in-beam differential cross-sections for neutron-induced reactions at SARAF are presently under design. They will be inspired by planned and existing systems at similar facilities. Examples include MEDLEY, for double-differential neutron-induced light-ion production cross-sections via silicon detectors and CsI scintillators [22], and GAINS and GRAPhEME, for inelastic reactions (n,n’γ) and (n,xnγ) via high-purity Ge (HPGe) gamma detectors [23].
2.1.2 Neutron activation measurements
Activation measurements of nuclear cross-sections will be performed by irradiating a target and identifying and counting the reaction products offline. These measurements are useful for obtaining the cross-sections of reaction channels that create specific nuclei. The usual identification method is gamma spectroscopy. If the reaction products decay to the ground state (no gammas) they can be identified by low level counting (LLC) techniques of Auger electrons. If they are very long-lived or are stable, one can use atom counting techniques such as accelerator mass spectrometry (AMS) and Atom Trap Trace Analysis (ATTA). Applications of the above methods for activation measurements induced by a Maxwellian spectrum of epi-thermal neutrons at SARAF are reviewed in [24].
Time of flight methods for neutron energy measurements can be used to extract the neutron spectrum impinging on the target, but are not relevant for activation measurements, due to their offline nature. Energy-dependent activation measurements for high-energy neutrons are achieved by bombarding high-energy protons on thin Li or Be targets (1.5 or 0.5 mm, respectively). The main proton-induced neutron-production reactions on these targets are (p,n) charge exchange, and with a thin target, the minimal proton energy straggling results in a quasi-mono-energetic neutron beam. For protons of tens of MeV, the quasi-mono-energetic peak constitutes about 50% of the total neutron rate. The rest of the neutrons are distributed in a relatively flat tail down to a few MeV, but with Be targets there are also one or more satellite peaks below the main one, due to excited states in the reaction’s outgoing nucleus.
Quasi-mono-energetic neutron beams were demonstrated for the energy range 20–90 MeV at CYRIC in Tohuku University, Japan, with a peak flux of about 3.5 × 108 neutrons/sr/MeV/μC and a FWHM width of 3–4 MeV at 65 MeV from a 1.65 mm thick Li target [25]. At NFS, utilizing a 31.9 MeV proton beam on a 1.5 mm thick Li target, a peak flux of about 1.4 × 109 neutrons/sr/MeV/μC and a FWHM width of 1–2 MeV at 30 MeV from a 1.5 mm thick Li target was obtained [18]. The integral flux above 27 MeV in this measurement was (1.77 ± 0.21)× 109 neutrons/sr/μC [18].
The maximal neutron flux at SARAF will be limited by the proton beam power that can be sustained by Li or Be thin targets. Based on [19, 20], a reasonable baseline assumption is 1 kW, which corresponds to a maximal average proton current of about 35 μA at 30 MeV. Based on NFS’s results [18], this leads to a neutron flux at this energy of about 6 × 1010 neutrons/sr/sec in a quasi-mono-energetic peak around 30 MeV.
2.1.3 Simultaneous yields of reaction products
2.1.3.1 Method overview
As described in [10], we plan to impinge the CW fast neutrons from the SARAF GaIn beam dump (Figure 1) on thin natural actinide targets to produce high amounts of neutron-rich isotopes via neutron-induced fission. The fission products will be thermalized in a gas-filled stopping cell, separated, and transferred to a multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS) [26]. The design of this SARaf exOtic Nuclide fAcility (SARONA) [27] is based on the FRagment Separator (FRS) Ion Catcher at GSI [28], with a cryogenic stopping cell (CSC) similar to that planned for the Facility for Antiproton and Ion Research (FAIR) [29].
It is possible to replace the thin actinide targets in SARONA with thin targets of any material of interest. In these cases, we will use this instrument to simultaneously record all neutron-induced reactions on that material. The cross-section for each reaction channel will be obtained by simultaneous identification and counting of all recoil nuclei via accurate mass measurement with the MR-TOF-MS. Thus, all reaction channels will be measured simultaneously with the same method on the same instrument. This original method is universal, since all elements are extracted from the CSC, with extraction and mass measurement times in the order of a few tens of milliseconds. The detection efficiency of recoil nuclei may be element-dependent, but this efficiency can be evaluated for each relevant element via offline calibration with a well-known spontaneous fission source such as 252Cf, as demonstrated in [30]. The method is suitable for measuring the “damage cross-section” of relevant fusion technology materials, a combination of neutron-induced yields and cross-sections, which is the main ingredient in theoretically evaluated neutron-induced radiation damage [5].
2.1.3.2 Simulations of specific reactions
As an example, we describe the implementation of this technique to neutron-induced reactions on iron, a main construction material for IFMIF-DONES and DEMO. In Figure 3 we show the simulated neutron flux per energy on a target that is placed 9 cm away from the neutron source, when irradiated by 5 mA of 40 MeV deuterons. Simulations were performed with FLUKA [31] for 40 MeV deuterons impinging a 5 mm thick GaIn target. The normalization to 5 mA was performed by the total neutron yield from thick GaIn when irradiated by 40 MeV deuterons, (2.70 ± 0.24)× 1014 n/sec/mA, recently measured at Forschungszentrum Julich GmbH [32]. We consider 9 cm to be a realistic distance due to the neutron source and CSC instrumentation.
[image: Figure 3]FIGURE 3 | Simulated neutron energy spectrum obtained from FLUKA [30]. The plot shows the average neutron flux as a function of energy, for a 5 × 5 cm2 sample that is placed 9 cm downstream of the GaIn target, when irradiating it by 40 MeV deuterons with a current of 5 mA CW.
In Figure 4 we show evaluated cross-sections of selected reaction channels that open up when irradiating iron with neutrons at energies up to 20 MeV, extracted from the JEFF 3.3 database [33]. One can see that in almost all cases, each channel results in a different recoil nucleus, so counting them will lead to cross-sections of these channels unambiguously. There are a few cases where the same recoil nucleus can refer to two different reactions, e.g., (n,np) and (n,d). However, due to the d binding energy the thresholds for these two reactions will be significantly different, so these channels can be separated.
[image: Figure 4]FIGURE 4 | Evaluated cross-sections of several neutron-induced reaction channels on iron. Evaluations are from JEFF 3.3 [33]. Experimental data is shown for four reactions. Additional channels have been measured at various neutron energies and for other reaction channels, the evaluations are purely theoretical. Experimental data are taken from [34–37].
A schematic diagram of the measurement setup is shown in Figure 5. It includes the spatial distributions of the ranges of six selected reaction products from the irradiation of 56Fe by 14 MeV neutrons. These events were generated by GEANT4 [38], release 11.01.02, using the physics list JEFF/NeutronHP. In Figure 6, we show the simulated recoil kinetic energy versus scattering angle for two reactions on a 5 nm thin 56Fe target, 56Fe (n,α)53Cr and 56Fe (n,p)56Mn, right after the reaction. The blue points refer to those isotopes that escape forward from the target, and the orange points to those that do not. The low recoil energies translate to a typical range of tens of nm of the recoil nuclei inside the sample target, which limits the effective areal density of relevant targets to about 0.1 mg/cm2. For (n,α), the α energy is high enough to induce backward recoil motion when the reaction is peripheral. For (n,p), also the peripheral reaction induces forward recoil motion, but at a much lower energy. The broadening is due to the difference in sharing of the target excitation energy between the outgoing reaction product and emitted gammas in each reaction.
[image: Figure 5]FIGURE 5 | A schematic drawing of the instrument for simultaneous measurements of neutron-induced reactions on given materials. The neutrons from SARAF impinge on a sample, and reaction products exit the sample and penetrate a few mm into the buffer gas of the CSC. The penetration in the buffer gas depends on the reaction product mass and energy, which are different for each case. The inset shows the ranges of six possible reaction products from a 56Fe sample. Each dot in the inset represents the end point of a reaction product in a specific event from a thin 1 × 1 cm2 sample. The plot was generated via our GEANT4 simulations that are described in the text. The reaction products are extracted via the RF carpet to a MR-TOF mass spectrometer for unambiguous identification.
[image: Figure 6]FIGURE 6 | Kinetic energy versus angle of the recoil nuclei for 56Fe (n,α)53Cr (left) and 56Fe (n,p)56Mn (right), as simulated by GEANT4. 14 MeV neutrons impinge normally on a 5 nm thin 56Fe target. The blue points refer to those isotopes that escape forward from the target, and the orange points to those that do not.
In Figure 7 left we show the GEANT4-simulated rates of measured reaction products for selected neutron-induced reactions on iron (56Fe), as a function of the iron target thickness. The rates are per 1010 neutrons/sec, with energy of 14 MeV, incident normal to the target (parallel beam). The rates include the escape efficiency from the target (Figure 7 right), and the expected ∼10% efficiency of SARONA [9]. Based on Figure 3, the rate of neutrons with an energy between 13.5 and 14.5 MeV, on a 1 cm2 thin iron target, located 9 cm from the neutron source, will be ∼1.7 × 1011 neutrons/sec. From Figure 7 left, the detection rate of the 6 selected isotopes in the figure, for a 100 nm thick target, will vary from 0.1 to 100 isotopes/sec. The detection will be performed via the MR-TOF-MS of SARONA [9], where the background rates under specific mass peaks are expected to be extremely low. For example, in a recent experiment at the FRS Ion Catcher at GSI [39], for a ∼3-h measurement, the background contribution was merely ∼1.7 ± 0.2 events. Namely, a rate of ∼1.6 × 10−4 background events per second. Thus, for a rate of 0.1 isotopes/sec, we will obtain statistically significant events (3σ level) within 100 s. We consider here only Poisson variations, which are the main contribution to the uncertainty of event counts within a mass peak. This will enable relatively quick measurement of all processes that comprise the damage cross-section [5], which is required for radiation damage calculations.
[image: Figure 7]FIGURE 7 | Left–Simulated production rate for 6 isotopes listed in the legend of the right panel, which result when impinging 1010 14 MeV neutrons per second on a thin iron target, as a function of the iron target thickness. The rates include the production cross-sections depicted in Figure 4, and the escape efficiency of the isotopes, depicted in the right panel of this figure. We assume a parallel beam of neutrons that imping normal to the target surface.
During SARONA’s commissioning phase, it is planned to be installed outside the neutron source room and receive a reduced flux of neutrons through a hole that will be drilled in the 2.5-m-thick concrete wall of the neutron source chamber. This will reduce the neutron flux by a factor of about 104. Nevertheless, given the rates described in the previous paragraph, cross-sections of a significant number of reaction channels will be measurable within a reasonable time.
A small-solid-angle target (∼1 cm2 area at ∼9–10 cm from the neutron source) will be beneficial for these measurements, since then the assumption of parallel neutron beam will be reasonable, and no further corrections will be needed for the produced isotope ranges inside the target. Furthermore, varying the target thickness and comparing the rates to our simulation’s predictions may help the de-convolution process for extracting the production cross-sections.
According to our simulations, the recoil nuclei that escape from the thin actinide target will have ranges of a few mm in the helium buffer gas, at a maximal rate of ∼103 nuclei per second (Figure 7, left). This ion density does not pose a risk of enhanced space charge that might limit nuclei extraction from the CSC, since alpha-recoil sources of higher rates and smaller range are being regularly used at the FRS Ion Catcher [28].
2.1.3.3 Coarse neutron energy dependence
The rates in Figure 7 left are given for a specific neutron energy (14 MeV), which is the energy of interest for fusion technology studies. However, the neutron spectrum from the thick liquid GaIn target will be very wide, as depicted in Figure 3. This means that for some channels, the obtained cross-sections will be an integral over the entire neutron energy range.
A more detailed energy dependence of the cross-sections may be obtained by performing the experiment in two consecutive deuteron energies and subtracting the obtained yields of the measured nuclei. The subtraction results will be equivalent to a measurement on a thin target whose width will reduce the deuteron energy by the difference between the two runs. To estimate how the subtracted spectra will look like, we used GEANT4 Version 10.7 [High Precision (HP), NDL database] to simulate the neutron production via deuteron irradiation of a thick GaIn target at two energies, 15 and 16 MeV. As a cross check of the simulation, we also simulated 16 MeV deuterons on a thin target (53 microns, the GaIn that is required for 16 MeV deuterons to lose 1 MeV) and saw that the observed neutron spectrum is statistically consistent with the subtracted 16 and 15 MeV spectra.
Deuteron induced reactions consist of two main components–compound nucleus (CN) reactions where the neutrons emerge from the target nuclei, and deuteron breakup (DB), where the neutrons emerge from the projectile deuterons. The energy distribution of the CN neutrons is similar for 15 and 16 MeV. To obtain a qualitative handle on the DB and CN contributions, for the thin target simulation (sensitive only to deuterons between 16 and 15 MeV) we counted the number of different reaction channels. We observed that the (d,n) channel (resulting mostly from DB) comprises ∼29% of the reactions. The (d,2n) channel is the most abundant in this energy range (∼49%) and another plentiful channel is (d,np), with ∼20%. Three-neutron emission (d,3n) happens in only 1% of the events. No events with a higher number of neutrons were observed.
We performed the GEANT4 simulations with 109 incident deuterons. This is six orders of magnitude below the requirement for a 5-mA beam but is the highest number possible within a reasonable time on a multi-core cluster. This relatively low number generated significant statistical fluctuations in the subtracted spectra, which are merely an artifact of the simulation, and do not represent the expected statistical uncertainty in the future experiments at SARAF. To display the expected spectra in the experiments, we interpolated the simulation results with a polynomial to obtain smooth trends. We then scaled the trends up to a 5-mA deuteron beam and added the expected statistical fluctuations at that high rate. The resultant spectra are shown in Figure 8. These spectra are of forward peaked (opening angle of 60°) neutrons from irradiation of a thick GaIn target by 5-mA beams of 15 and 16 MeV deuterons. One observes that in the 16 MeV irradiation, a significant number of neutrons is added in the high-energy region but in addition, low-energy neutrons are added as well in the entire neutron energy spectrum.
[image: Figure 8]FIGURE 8 | GEANT4 simulated spectra of forward neutrons (into an opening angle of 60°) from 16 to 15 MeV deuteron irradiations of a thick GaIn target, at a current of 5 mA (red and green, respectively). Also shown is the subtraction of the two spectra (blue), where the 15 MeV spectrum is scaled by a factor of 1.25 in order to “cancel out” the low energy part and obtain a spectrum of high-energy neutrons. The plots include uncertainty symbols, but in this scale, they are much smaller than the lines thicknesses. These plots are scaled up by six orders of magnitude with respect to the GEANT4 simulation results. See text for details.
The extended range of the 16 MeV deuterons in the target (w.r.t. 15 MeV deuterons) yields an overall higher number of neutrons. The DB neutrons are mainly a result of the (d,n) channel, so those from 16 MeV deuterons are expected to have energies higher by ∼1 MeV w.r.t. 15 MeV deuterons. Their contribution is observed in Figure 8. In order to “cancel out” the low-energy neutrons contribution and to enhance the DB neutrons, prior to subtracting the spectra we scale the 15 MeV spectrum by the obtained overall ratio that is observed for the lower-energy neutrons (for this case, 1.25). The subtracted spectrum is also shown in Figure 8.
Due to the variety of CN reaction channels, the energetic width of the subtracted spectrum comes out to be ∼6–7 MeV FWHM, larger than the 1 MeV difference between the deuteron irradiation energies. Furthermore, the location of the wide peak is ∼5–6 MeV higher than the deuteron energies, due to the positive Q-values of the dominant (d,n) reactions.
Note that the peak bins in the subtracted spectrum are in the range of 1010 neutrons, which are a result of subtracting original spectra bins with an order of 1011 neutrons. Since the statistical fluctuations of the original spectra bins are of order 106, the subtracted spectrum is statistically significant.
It is important to emphasize that Figure 8 is a result of a model dependent GEANT4 simulation, since there is no neutron energy and angular distribution data from deuteron irradiations of Ga or In. We present it in order to visualize the concept of spectrum subtraction for obtaining cross-sections from high-energy neutrons via a thick target. We plan to measure the neutron energy distributions in SARAF, at several deuteron energies up to 40 MeV, which will increase the reliability of cross-section measurements with thick targets and continuous neutron beams.
2.2 Deuteron-induced reactions
SARAF’s variable beam energy (5–40 MeV) makes it an excellent candidate for measuring cross-sections of reactions induced by high energy deuterons. In fixed energy cyclotrons deuteron energy is controlled by degraders that are prone to energy straggling. At the SARAF linear accelerator the energy is set by tuning its acceleration cavities, which results in an energy accuracy of tens of keV throughout its energy range.
For studying rare deuteron induced reactions, or reactions on small, rare, or radioactive samples, special irradiation targets must be used. Encapsulated liquid and foil composite targets were developed at SARAF, where the liquid [9] or the foil [40] can be the target material, and the backing behind the liquid is cooled by liquid gallium-indium jet impingement. A cooling capacity of 8.4 kW/cm2 was demonstrated for this type of target [40]. At 40 MeV, this implies a deuteron irradiation current of 0.21 mA/cm2.
2.2.1 Activation measurements
Deuteron induced activation measurements are performed in the exact same manner as described in Section 2.1.2 for neutron-induced activation. Such measurements were performed at SARAF with deuteron energy in the few MeV range, with an energy accuracy of 50 keV on Cu isotopes [41] and 150 keV on Co and V isotopes [42]. In another experiment, accurate measurements at SARAF (50–70 keV) up to deuteron energy of 5 MeV were combined with measurements from 5.5 MeV up 20 MeV (accuracy of 200–700 keV) that were performed with the cyclotron at NPI-Rez [43] to investigate the (d,p) cross-section of 23Na. This knowledge and experience will be utilized for activation measurements of deuteron induced cross-sections at energies up to 40 MeV, which are needed for the design and operation of IFMIF-DONES.
2.2.2 (d,xn) in-beam measurements
Pulsed deuteron beams, as described in Section 2.1.1, may be used to measure double-differential cross-sections of (d,xn) reactions. The TOF hall (Figure 1) may be used for measuring the emitted neutrons’ energy distributions via the time-of-flight method. With an array of neutron detectors surrounding the target one can perform coincidence measurements to distinguish between (d, n), (d, 2n), and (d, 3n) reactions, and with germanium detectors one can measure the emitted prompt gammas. The germanium detector will be placed in a location and with shielding, to avoid radiation induced damage.
2.3 Neutron-induced radiation damage
The deuteron beam power density on the liquid GaIn target will be 100 kW/cm2 (similar to IFMIF-DONES [2]) on a 2 cm2 spot. The simulated neutron flux as a function of distance from the GaIn liquid target, when irradiated by 5 mA of 40 MeV deuterons, is shown in Figure 9. The flux in Figure 9 is the average one over a 5 × 5 cm2 target in the forward direction. The simulated data was generated by FLUKA. In order to utilize the neutron flux from the GaIn target in the most efficient way, it is preferable to place the sample of interest as close as possible to the neutron source, i.e., on the backplate behind the liquid GaIn flow. This is inspired by an idea to do so for IFMIF-DONES [44]. Based on Figure 9, the neutron flux on the target’s back plate will be 2–3 × 1013 n/cm2/sec.
[image: Figure 9]FIGURE 9 | The FLUKA simulated neutron flux (average over a 5 × 5 cm2 target in the forward direction) as a function of distance from the GaIn liquid target, when irradiated by 5 mA of 40 MeV deuterons. In this simulation, the GaIn liquid target is placed at Distance = 1 cm.
This means that for a small sample placed in front of the GaIn target at SARAF, the neutron flux will be only an order of magnitude less than that expected at the High Flux Test Module (HFTM) of IFMIF-DONES [4]. Therefore, it may be possible to perform pilot experiments and feasibility studies of high-energy neutron-induced damage on small samples of various materials at SARAF. A possible placement of the irradiation sample on the GaIn target back plate is depicted in Figure 10.
[image: Figure 10]FIGURE 10 | CAD drawing of SARAF’s liquid GaIn target. A possible location of the irradiation sample (light green patch) on the target’s back plate is indicated.
In addition to comparing overall fluxes between SARAF and IFMIF-DONES, it is important to compare the neutron energies, since the interest for fusion technology is in the high energy realm. The neutron angular distribution and energy spectrum of GaIn due to irradiation of 40 MeV deuterons have not been measured. However, such measurements have been performed for Fe and Ta [45]. 85% of the atoms of the GaIn mixture in the liquid target are of Ga, the atomic number of Ga is slightly higher than that of Fe (31 and 26, respectively), and the Q-value of the dominant (d,n) reaction channel for Ga is slightly higher than for Fe (∼6.3 MeV for 69Ga, ∼3.8 MeV for 56Fe). Therefore, a comparison between the Li and Fe experimental distributions may be indicative to the comparison between Li and GaIn.
Such a comparison is shown in Figure 11, for neutrons that are emitted forward onto an opening angle of 60°. One can see that the ratio between the relevant energy regions of the Li and Fe spectra (10–20 MeV) is about an order of magnitude, consistent with the forward flux difference that we estimate between IFMIF-DONES and SARAF. Figure 11 further includes the GEANT4 results for 40 MeV deuteron irradiation on a thick GaIn target. One can see that indeed, the data for Fe is quite similar to that of the simulated GaIn results, raising the confidence in the usage of Fe as a proxy for GaIn.
[image: Figure 11]FIGURE 11 | The neutron energy spectrum in an opening angle of 60° from thick Li [3] and thick Fe [44] targets (experimental data) and GaIn (GEANT4 simulation result), when irradiated by 5 mA of 40 MeV deuterons. The different end point energies are due to the different Q-values of the dominant (d,n) channels (∼3.8 MeV for 56Fe, ∼6.3 MeV for 69Ga, ∼15.0 MeV for 7Li).
3 SUMMARY AND OUTLOOK
Within a few years, SARAF will be one of the world’s leading high-energy neutron sources, up to 1015 CW n/sec from a thick liquid GaIn target, and up to 1012 pulsed n/sec from thin light targets (e.g., Li and Be), at energies up to ∼45 and ∼55 MeV, respectively. SARAF will further provide deuteron beams with variable energy from 5 to 40 MeV, with CW or pulsed currents up to 5 mA. These properties will enable unprecedented measurements of deuteron and neutron-induced cross-sections up to 40 and ∼55 MeV, which are very important for fusion technology, but existing experimental data for them is scarce and sparse.
We will utilize SARAF’s deuteron and neutron beams for cross-section measurements with both standard and novel techniques that were presented in the above Sections. We will provide new experimental data that will enable to compile more reliable values of activation profiles and the “damage cross-sections” for the construction materials of IFMIF-DONES and the future demonstration fusion power plant, DEMO.
The neutron flux at a small region near the thick liquid GaIn target will be only an order of magnitude less than that of IFMIF-DONES. We therefore propose that SARAF could be used as a pilot facility for IFMIF-DONES, performing feasibility studies and demonstrations of irradiation of small samples at the world’s highest available high-energy neutron flux.
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