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Abstract

:

Neutral beam injection is supposed to be the main source of high-energy particles, driving non-inductive current and generating primary neutrons in fusion neutron sources design based on tokamaks. Numerical simulation of high-energy particles’ thermalization in plasma and fusion neutron emission is calculated by novel dedicated software (NESTOR code). The neutral beam is reproduced statistically by up to 109 injected particles. The beam efficiency and contribution to primary neutron generation is shown to be dependent on the injection energy, input current, and plasma temperature profile. A beam-driven plasma operation scenario, specific for FNS design, enables the fusion rate and neutron generation in plasma volume to be controlled by the beam parameters; the resultant primary neutron yield can be efficiently boosted in plasma maintained at a relatively low temperature when compared to ‘pure’ fusion reactors. NESTOR results are applicable to high-precision nuclear and power balance estimations, neutron power loads distribution among tokamak components, tritium generation in hybrid reactors, and for many other tasks critical for FNS design.
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1. Introduction


The interest in fusion neutron sources (FNSs) can be explained by their ability to address the specific problems of fission nuclear power engineering as well as fusion power plants. The top challenge here is the testing and validation of materials and structural components for future nuclear and thermonuclear reactor design, and FNSs are able to perform the material properties required. Furthermore, FNSs are expected to obtain experimental data in the fields of nuclear waste management, nuclear fuel breeding, and technologies for hybrid reactors [1]. Physical principles underlying efficient production of free neutrons and possibilities of FNSs’ creation and their application in hybrid systems are described in detail in the review [2].



Neutron sources based on tokamaks can provide high steady-state neutron flux density; they are compatible with fission blankets. They are more feasible in terms of plasma operation requirements as compared to plasma in ‘pure’ fusion reactors; hence they can be made in a compact size and at a lower cost [3].



FNSs’ basic concept is described in [4,5]. It is based on the possibility to reduce the requirements to plasma parameters (including lower power efficiency Q = Pfus/Pheat), the total facility size, and the confining magnetic field by high-energy neutral beam injection (NBI) serving as a main driver of non-inductive plasma current and the source of fast ions for efficient neutron generation [6]. The beam–plasma interaction is expected to deliver at least a half (~50–99%) of all fusion (primary) neutrons emitted in an FNS tokamak [7]. An NBI has to maintain a steady-state current drive and high fusion rates in a relatively cold plasma background. This task can be only performed by the beams with properties thoroughly tuned for given plasma target parameters and a toroidal spatial shape [8]. The paper shows the possibilities to control the fusion rates in a beam-driven tokamak and offers methods to boost the overall fusion neutron output, which are applicable to any tokamak-based FNS design: either conventional, ‘classical’ tokamaks, or low-aspect and spherical devices [9].



The numerical results discussed throughout this study were obtained by a novel computer code NESTOR (NEutron Source in TORoids) created in 2022, for the purposes of accurate evaluation and optimization of NBI efficiency in FNS systems. The code can either run independently or be a component of beam-plasma simulation workflow (BTOR suite of codes, 2019). In general, NESTOR code calculates the primary neutron emission in tokamak with an account of toroidal field geometry. The main feature of NESTOR is detailed injected beam statistics (up to 109 neutral particles with realistic angular distribution), which can be passed from other NBI codes, e.g., from BTR code ([10], 2005). The data on nuclear fusion cross-sections is taken from [11]. The beam ions initial deposition from NBI is reconstructed by applying the beam stopping cross-sections fitting model [12] to each ray constituting the NBI bunch. The fast ions deceleration (slowing-down) model and the methodology of fusion rates calculation are described in detail in the next section.




2. Beam Ions Deceleration


To achieve the maximum neutron yield in fusion reactions between the beam and the plasma thermal ions, the fast ions which are captured by plasma after the injected atoms’ ionization should circulate in dense plasma as long as possible to maximize their cumulative probability of interaction with plasma ions. However, the fast ions’ circulation path length is limited by their deceleration, or slowing-down, due to Coulomb collisions with plasma ions and electrons. A similar effect was studied in detail for 14 MeV neutron generators based on accelerated ion beams injected into gaseous deuterium or tritium targets [13,14], where the possibility of obtaining intense neutron generation in beam-plasma facilities was demonstrated. Furthermore, the research pointed the methodology of control for the total neutron irradiation flux, local flux density, and gradients by adjusting the injected beam parameters and/or gas target pressure. This approach can be beneficial for intense neutron sources based on beam-driven tokamak design as well. For numerical analyses of neutral beam (NB) efficiency in generating neutrons, NESTOR software implements light-weighted (‘lite’) models based on the classical slowing-down theory [15].



The fast ions slowing-down (deceleration, thermalization) model is founded on the following assumptions. The NB high-energy atomic particles become ionized in plasma; the resulting fast ions are decelerated by Coulomb collisions with plasma electrons and ions. At high NB energy, the electron heating is initially dominant; as the beam ions slow down, the heating is primarily transferred to plasma ions. For the typical NB energy used in FNS, the probability of fusion reaction between beam ions and plasma background is orders of times higher at the first stage of the slowing-down path, so for the NB-driven neutron generation we can assume all the drag force to the beam ions comes only from electrons. The collisions with electrons cause only a small scattering of the beam ions, and the drag force in the direction of the fast ion initial velocity is proportional to the ion velocity vb. Therefore, NB fast ions slowing-down time to thermal velocities, in cases when vb << vTe, is mainly governed by plasma electron temperature and density.



The fast ions velocity in toroidal magnetized plasma can be decomposed into two components with respect to the magnetic field line direction: parallel velocity is responsible for the ion circulation around the toroidal axis, while the orthogonal component is associated with Larmor rotation around the field line. For passing ions in tokamak, i.e., which are not immediately lost or trapped on the mirror (“banana”) orbits, the parallel velocity component dominates. As a result, the fast ions’ deceleration in plasma is considered to be applied along the magnetic field lines, with taking into account their helical shape. Assuming this, the fast ions’ thermalization time (τs) along the direction can be naturally expressed in the form of the following classical solution [15]:


   τ s  =    τ  s e    3  ln  [  1 +    (     E b     E c     )    3 / 2    ]  ;  



(1)






   E c  = 14.8   (    A b   /   A i   2 / 3      )   ·    T e  ,  



(2)






   τ se    ∝   (  A b   T e   3 / 2    /  n e  ) ,  



(3)




where Eb is the initial (injected) beam energy, Ec is the critical beam energy, and τse is the characteristic Spitzer time; Te and ne are electron temperature and density, Ab and Ai are the atom mass of fast ions and plasma ions, respectively, and ∝ stands for direct proportionality.



The value Ec defines the fast ion energy, when the electron and ion heating rates are roughly equal. As it is clear from (2), the value of the critical energy Ec grows along with the mass ratio of the beam ions to background ions and with plasma temperature. For a deuterium beam in a deuterium plasma with Te = 5 keV, the critical energy is ~93 keV (Ec ≈ 19 × Te).



The DT fusion reaction cross-section reaches its top values at deuteron energies about E ~100 keV. For efficient neutron generation, the beam energy should be above this level. In the course of slowing-down, fast ion energy gradually falls, while the drag force at each time moment depends on the plasma local density and temperature. The DT fusion rate-dependence on energy and plasma parameters results in specific profiles of fusion reaction intensity in time. Some examples are shown in Figure 1a,b, where the fast ion fusion intensity profiles are plotted against time for beam energy Eb = 200 and 500 keV.



The plots in Figure 1 are consistent with 14 MeV neutron production profiles’ shape and variation with target density, which can be found in the neutron generators studies [13,14]. When deuterium ion initial energy is higher than ~100 keV, the ion burnout intensity (equal to fusion reaction probability per second) starts to grow in course of the ion slowing-down until the moment the ion energy reaches the optimum rate value. After this point, the fusion reaction rate continually decays with energy until the ion becomes thermal. The deceleration time, as well as the path, is almost proportional to the ion initial energy and to plasma temperature (Figure 2a). While the deceleration time is sensitive to plasma density, the fast ion total probability of interaction with target ions does not depend on the target density, and it is defined by the ion initial energy and plasma temperature, as shown in Figure 2b. It agrees well with the conclusions made in [13,14], which state the beam with a given energy should produce roughly the same number of neutrons along the deceleration path, while the local neutron rate increases proportionally to the target density.



Since the target conditions determine the slowing-down behavior, we can expect plasma temperature and density gradients across the plasma poloidal section to lead to a considerable variation in beam-induced fusion probability profiles between different radial layers. The example of fusion intensity evolution in time (similar to that shown in Figure 1) for various radial positions of ion circulation in DEMO-FNS tokamak plasma are plotted in Figure 3a, which corresponds to a uniform (unweighted) fast ion radial distribution across the plasma column. The plasma profiles are set parabolically with a maximum at plasma axis; the deuterium beam energy (equal to the fast ion start energy) is Eb = 500 keV. The characteristic plasma profiles are shown in Figure 3b.



Figure 4 illustrates the continuous distribution of weighted fusion rate evolution in time, which is obtained in DEMO-FNS plasma for real injected beam geometry. Unlike the uniform beam ions distribution case shown in Figure 3a, the contribution (weight) of Ψ-layers in Figure 4 is proportional to the fraction of beam ions deposited within a layer. For the adopted nominal off-axis NB-aiming in DEMO-FNS (Rt/Zt = 3.5 m/−0.5 m, where Rt and Zt are the beam axis-aiming point coordinates in the tokamak frame), the major parts of the beam ions are deposited and decelerated in a radial domain Ψ = 0.5–0.8, resulting in a higher intensity of neutron emission, clearly observed in this region in the color map.



The injected beam aiming with respect to the plasma axis allows the neutron emission profile to be changed through reshaping the fast ion radial deposition. It is clear from Figure 4 that the NB injected externally versus the plasma axis (i.e., at Rt > R0, where R0 is the plasma major radius) produces a hollow-shaped beam-plasma interaction profile across the poloidal plane, with a negligible neutron emission around the magnetic axis (Ψ = 0). If the same beam is aimed at the internal side of the plasma core (Rt < R0), a relatively uniform neutron emission profile can be created across the column under certain conditions (dependent on kinetic profiles shape), while on-axis NB-aiming (Rt = R0) can create a neutron emission profile peaked at the axis, as shown in [16].




3. Fast Ion Energy Distributions


The fast ions distribution in phase space can generally be obtained from the kinetic equation solved with a beam particles source and a collisional operator; its solution includes the account of fast ion slowing-down and pitch angle scattering. Within the slowing-down classical theory assumptions, the Fokker–Planck solution can be replaced by a faster method of direct computation of multiple particles tracks (“histories”), which allow one to obtain the statistics on particles energy distribution for any point or region in the volume [17]. Since the fast ions trajectories are supposed to follow the toroidal magnetic field lines, the ions’ periodic orbits can be mapped onto a poloidal (transversal) plane, and orbit cross-sections and velocities can be collected for any cell of phase space. This procedure, when applied to a large population of ions in the course of their slowing-down, results in a detailed energy spectra of the beam ions on each magnetic surface (more exactly, on their Poincaré section), while the spectra resolution can be naturally controlled by the number of the fast ions produced from NB rays. The examples of energy spectra obtained from considering ~105 fast ions from a deuterium beam with energy Eb = 100 keV injected along FNS-ST tokamak (R/a = 0.5 m/0.3 m) magnetic axis (Rt = 0.5 m, Zt = 0) are shown in Figure 5a,b. Thin colored lines in the plots denote the energy profiles calculated for different radial layers (magnetic surfaces labels Ψ), while the black thick line denotes the fast ions integral weighted distribution over the plasma poloidal cross-section resulting from the beam initial deposition. The plot in Figure 5a is calculated for nominal plasma temperature Te = 5 keV, Figure 5b is for Te = 1 keV.



Within each radial layer, the energy distribution function (EDF) shape is defined mainly by the ratio of the initial ion energy to the local temperature Eb/Te. Hence the EDF profiles strongly differ across ion circulation radii: the ions which are decelerating at plasma periphery (Ψ = 0.7–1) are more efficiently thermalized, and their EDF maximum is observed at low energies (cold ions are dominating). Within the plasma central region with a higher temperature, the slowing-down path is longer, and the “hot tail” ion fraction is high. From a comparison of Figure 5a,b, lower plasma average temperature results in higher value of the entire beam ratio Eb/Te, so the relative fraction of high-energy particles in the integrated distribution drops down. Since the fusion cross-section is highly dependent on energy, EDF with a higher fraction of hot-tail ions ensures a higher probability of fusion reactions between the beam fast ions and the target plasma ions. Moreover, for an accurate evaluation of hot-tail fraction across the entire beam bunch (with an account of beam envelope width), NB real geometry and steering must be considered, as earlier estimations have shown that, when considered in beam-plasma system realistic geometry, beam deposition and slowing-down can vary dramatically across plasma poloidal cross-sections [16,18].




4. Fusion Rate and Primary Neutron Emission


In FNS tokamak design it is assumed that, depending on the tritium content in plasma, about 50–99% of the primary neutrons are generated in fusion between the fast beam and thermal plasma background; the rest of the primary neutron emission comes from thermal plasma ions. The neutron source operation scenario assumes the beam ion slowing-down time exceeds the thermal energy confinement time, and the probability of a fusion reaction between fast ions and plasma background (i.e., the fast ion total burnup) is significantly higher if compared to the fusion probability between the thermal (slow) plasma ions.



The fast ion EDF illustrated in Figure 5a,b can be naturally applied to beam-plasma fusion rates’ calculation. The actual beam input to the fusion neutron generation will depend on the hot-tail fraction, slow-down time profiles, NB particles feed rate, and total amount of target ions in the area of potential fusion reactivity. Earlier it was shown [18] that the optimum neutron generation in FNS tokamak is achieved at the operation parameters which in general do not match with the best efficiency of beam current drive.



The fusion rate distributions in DEMO-FNS poloidal cross-section for nominal plasma parameters Te = 15 keV, ne = 1 × 1020 m−3 are shown in Figure 6: NBI is aimed tangentially off-axis, as this geometry is adopted so far in DEMO-FNS design (Rinj/Zinj = 3.5/−0.5 m). The plots in Figure 6 represent thermal plasma fusion (a), beam-plasma fusion (b), and the overall primary neutron emission from fast and thermal plasma ions (c). A deuterium beam (Eb = 500 keV) was injected into plasma with a deuterium to tritium ratio of 0.5/0.5. It can be seen, for the given beam-aiming (shown by the colored footprint), most of the neutrons from NBI are emitted within a radial ring in the poloidal plane and form a hollow toroidal region of neutron generation.



NB fast ion contribution to the primary neutron yield depends on the ratio Eb/Te and on thermal energy confinement time. The influence of plasma temperature on the neutron source profile in DEMO-FNS is shown in Figure 7, which was calculated for plasma temperatures Te = 10, 20, and 30 keV (off-axis NBI aiming). Thermal plasma fusion contribution increases essentially with plasma temperature: from 10% for Te = 10 keV up to 80% for 30 keV.



From Figure 7, it is clear the ratio of thermal to total fusion reactivity can be controlled so that the resuling total fusion reactivity profile can become almost uniform across the plasma poloidal plane. However, at higher temperatures (for DEMO-FNS, at Te > 20 keV) the beam contribution to fusion neutron generation becomes almost negligible, and the integral profile shape is completely defined by a bell-shaped profile of thermal fusion (shown blue in Figure 7).




5. Neutron Yield Comparison for DEMO-FNS and ITER Tokamaks


ITER plasma volume is ~7 times larger than in DEMO-FNS, and thermal energy confinement time exceeds the beam ions thermalization time several times [19,20], so the fusion rate growth due to NBI is relatively small. In contrast, for FNSs based on tokamak, the beam ions thermalization time is comparable to or exceeds several times the energy confinement time; this makes possible a beam-plasma operation scenario associated with enhanced primary neutron production [6].



Plasma temperature-dependence of DT-fusion rates from thermal and high-energy ions contributions are shown in Figure 8 for two different plasma configurations: DEMO-FNS (Figure 8a) and ITER (Figure 8b) tokamaks. For both machines, plasma profiles and content are taken similarly (parabolically); NBI parameters in DEMO-FNS are Eb = 500 keV, PNB = 30 MW, while in ITER they are Eb = 1 MeV, PNB = 33 MW. The contribution of injected beam to fusion neutron generation is shown in Figure 9. Plasma content D/T is 0.5/0.5 everywhere.



The analysis clearly shows that the fusion rate enhancement due to NBI in DEMO-FNS and ITER are almost identical (for an equal plasma temperature), while the beam relative contribution to the overall neutron generation in ITER is low. A similar level of total beam reactivity between the devices can be explained by the following simplified estimations. High-energy ion reactivity during thermalization roughly depends on the ratio Eb/Te, and it almost linearly increases with energy at a given temperature (see Figure 2b). The beam ion initial energy in ITER (1 MeV) is twice as high as NB energy in DEMO-FNS (500 keV), but the total injected power is almost the same (33 MW vs 30 MW), which means the beam current in ITER is half the value of the beam current in DEMO-FNS. Therefore, the result of beam fusion probability should be roughly the same in both cases.



The thermal fusion rate in Maxwell plasma is defined by the total amount of thermal ions’ population and by temperature and density distributions. Since ITER plasma volume exceeds that of DEMO-FNS several times, and plasma density is 20% higher, the thermal fusion rate in ITER is about ~10 times the fusion rate in DEMO-FNS at the same temperature. This explains a considerable difference in the neutral beam contribution between the two devices, even though the amount of beam-plasma neutrons in both plasmas will be roughly the same.




6. Conclusions


Fusion neutron sources based on tokamaks can provide high steady-state neutron flux density. Detailed modelling of primary neutron emission is a necessary step in high-accuracy nuclear and thermal analysis which must be performed to ensure the steady-state operation of hybrid devices and experimental work planning. For this purpose, a dedicated software package, NESTOR code, was developed in 2022. The code calculates the fusion rate distribution in plasma volume with an account of the neutral beam injection as an external source of high-energy particles.



NESTOR models are straightforward and mostly analytical, so the data are processed efficiently, within several seconds, even on average laptops, and the results are naturally interpreted. NESTOR code is capable of accepting the detailed geometry of magnetic surfaces and massive data on input beam statistics, which can be represented by up to 109 injected particles.



The actual neutron production rate in plasma will also depend on the plasma content and dilution due to impurities and helium ash [21]. The beam ionization rate and the slow-down time affected by the plasma effective charge (Zeff) will lead to the fast ion profile shifting towards the plasma edge and redistribution in energy space. These changes cause a decrease in beam-plasma fusion rates. Furthermore, the fast particles are known to interact with plasma instabilities [22]; these effects will cause the beam ions’ redistribution and additionally decrease the neutron generation. We also note that the beam fast ions reactions with impurity ions will deliver a very small number of additional neutrons, less than 1% from the fusion neutron yield. The effect of plasma rotation is not expected to reduce the neutron yield much, since the plasma rotation velocity is evaluated to be low (~0.01) when compared to the energetic beam particles’ velocity [23].



The injected beam contribution to the primary neutron generation highly depends on the beam energy and plasma temperature profile; the fast ion energy distribution is governed by the local ratio Eb/Te. The analysis has shown that for the beam-driven plasma operation scenario suggested in FNS, the total fusion rate can be efficiently managed, and the neutron production from low temperature plasmas (5–15 keV) can be multiplied by the high-energy beam particles.



The results obtained from NESTOR calculations can be applied to high-precision nuclear and power balance estimations, neutron power loads distribution among structural components, tritium generation in hybrid reactors, and many other design issues, which are not necessarily relevant to FNS devices.
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Figure 1. Fast D+ ion fusion and neutron production rate along slowing-down path in plasma calculated for Te = 5, 10, 20, and 30 keV and for ne = 0.5 × 1020 m−3 (dotted) and ne = 1 × 1020 m−3 (solid): (a) beam energy Eb = 200 keV; (b) Eb = 500 keV. Note the difference in time scales for (a,b). 
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Figure 2. Energy dependence of fast D+ ion slow-down time (a) and integral neutron production (b), calculated for Te = 5, 10, 20, and 30 keV and ne = 0.5 × 1020 m−3 (dotted) and ne = 1 × 1020 m−3 (solid). 






Figure 2. Energy dependence of fast D+ ion slow-down time (a) and integral neutron production (b), calculated for Te = 5, 10, 20, and 30 keV and ne = 0.5 × 1020 m−3 (dotted) and ne = 1 × 1020 m−3 (solid).
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Figure 3. Fast ion fusion (and neutron production) rate evolution in time for different plasma layers (a); plasma characteristic profiles (b). Electron temperature Te, electron density ne, and thermal DT-fusion cross-section σDT. Deuterium fast ion energy is Eb = 500 keV; maximum values at plasma column axis Te(0) = 15 keV, ne(0) = 1 × 1020 m−3. Neutron emission rate grows while beam ions slow down, the peak in fusion reaction cross-section is achieved at different moments, defined by the local target density. The absolute neutron rate from a fast ion is proportional to the target density; this explains the rise of peak height from the plasma edge (Ψ = 1) towards the core (Ψ = 0). 
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Figure 4. Color map of weighted fusion rate (1/s) evolution in time, calculated with account of beam ions (Eb = 500 keV) actual deposition in DEMO-FNS plasma for external off-axis beam injection. Plasma profiles are the same as shown in Figure 3b, tritium fraction is 0.5. The evaluated neutron yield from 1A of NBI is 1.85 × 1017 1/c. 
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Figure 5. Fast ion energy distribution (black) formed as a result of injection of deuterium beam along the magnetic axis of FNS-ST tokamak (Rt = 0.5 m, Zt = 0); plasma density ne = 1 × 1020m−3, beam energy Eb = 100 keV: (a) plasma temperature Te = 5 keV; (b) Te = 1 keV. Thin colored lines correspond to partial distributions for different radial layers (Ψ). 
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Figure 6. Fusion rate profiles in DEMO-FNS tokamak: (a) thermal fusion; (b) beam-plasma fusion; (c) total fusion rate (red) with thermal part (blue). NB tangent position Rinj/Zinj = 3.5/−0.5 m; Te = 15 keV, ne = 1 × 1020 m−3, Eb = 500 keV. 
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Figure 7. Plasma temperature impact on thermal fusion rate share in DEMO-FNS plasma: (a) Te = 10 keV; (b) Te = 20 keV; (c) Te = 30 keV. NBI tangent position Rinj/Zinj = 3.5/−0.5 m; ne = 1 × 1020 m−3, Eb = 500 keV. Thermal fusion reactivity profile (blue) and total fusion (red). 
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Figure 8. DT fusion rates across plasma temperature: (a) DEMO-FNS (ne0 = 1 × 1020 m −3, Eb = 500 keV); (b) ITER (ne0 = 1.2 × 1020 m −3, Eb = 1 MeV). 
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Figure 9. NBI contribution to DT fusion rates across plasma temperature: (a) DEMO-FNS (ne0 = 1 × 1020 m −3, Eb = 500 keV); (b) ITER (ne0 = 1.2 × 1020 m −3, Eb = 1 MeV). 
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