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In fusion reactors, 14 MeV high-energy neutron irradiation of structural materials will produce large amounts of helium and hydrogen simultaneously with displacement defects. These He and H atoms will interact with displacement defects, leading to He-H synergistic effects and aggravating the irradiation damage. Currently, there exist no available high-flux fusion neutron sources. Additionally, the neutron energy spectrum and the generation of He and H in fission reactors or spallation neutron sources greatly differ from those in fusion reactors. Multi-ion beam irradiation is a promising method to emulate the synergistic effects induced by fusion neutron irradiation. This review summarizes the experimental studies on the He-H synergistic effects, and analyzes the effects of He and H on cavity evolution and swelling under multi-ion beam irradiation. The roles of various experimental factors are also discussed. More systematically controlled experiments are suggested to develop a comprehensive understanding of He-H synergistic effects in structural materials.
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INTRODUCTION
The development of safe, efficient, and clean advanced nuclear energy systems is a frontier topic and important support for sustainable development all over the world. As the most promising candidate, fusion energy has the potential to solve the global energy crisis. At present, the most mature and popular scheme of fusion energy is the magnetic confinement fusion energy that still faces several key challenges, such as the tolerance of structural materials in extreme environments (Zinkle and Snead, 2014; Knaster et al., 2016).
In nuclear energy systems, the performance of structural materials not only determines the capacity efficiency, output power, and service life, but also contributes to the safety of systems. In advanced nuclear energy systems such as fusion reactors, structural materials are exposed to harsh and complex service environments such as strong neutron radiation and high temperatures for long periods. High-flux neutron irradiation would cause a large number of displacement defects and the dose could be up to hundreds of dpa (displacement per atom), resulting in serious damage and properties degradation to structural materials (Zinkle and Busby, 2009). Therefore, it is generally believed that the property degradation and failure of key structural materials in long-term operation is one of the most pressing and challenging issues in the research of advanced nuclear energy systems (Was et al., 2019).
The irradiation damage significantly depends on the neutron energy spectrum, nuclear reactions, temperature, irradiation dose, and dose rate. In fusion reactors, the deuterium-tritium reaction will produce 14 MeV high-energy neutrons that cause not only massive displacement defects but also plenty of helium and hydrogen gas atoms through (n,α) and (n,p) transmutation reactions with elements such as iron in blanket structural materials. For iron-based materials, the irradiation dose would be 20–30 dpa per year. The production rate (gas-dose ratio) of helium and hydrogen would be up to 10–15 appm/dpa and 40–50 appm/dpa, which are more than 10 and 40 times greater than those in fission reactors, respectively (Dai et al., 2020).
It has been recognized that the accumulation of helium in structural materials would prompt cavity nucleation and usually enhance the swelling (Trinkaus and Singh, 2003; Molvik et al., 2010). The term cavity refers to a small volume composed of vacancies and/or helium and/or hydrogen gas atoms, thus is used here as a generic term for voids and bubbles (Zinkle, 2020). Hydrogen might escape rapidly from metals due to its low solubility and high mobility, which is dependent on temperature. It has been demonstrated that hydrogen has positive binding energy with irradiation defects and would be effectively trapped inside the materials at a certain temperature (Abramov and Eliezer, 1988; Binyukova et al., 2007). The current studies have shown that displacement damage will interact with simultaneously produced helium and/or hydrogen, resulting in synergistic effects in blanket structural materials. The He-H synergistic effects would greatly influence the evolution of cavities and other damaged microstructures, further aggravating the performance degradation of structural materials, such as swelling and radiation hardening. The threats to the operation of structural materials caused by synergistic damage may far exceed those caused by displacement defects alone. (Marian et al., 2015).
However, there exist no available high-flux fusion neutron sources or integrated materials testing facilities. Some planned fusion neutron sources around the world, such as IFMIF-DONES (Donné, 2019) and A-FNS (Muroga et al., 2020), will take 10 years to be built. Currently, there are only very limited low-dose fusion neutron irradiation data from RTNS-II (Rotation Target Neutron Source II) in the 1980s (Kiritani et al., 1984). Experimental studies are limited, and computational simulations have not yet provided an accurate description of the synergistic interaction process. And there are many challenges facing multi-scale simulations of synergistic effects, such as the lack of ternary potential function and effective simulation methods for the evolution of defect clusters at a long-time scale. Therefore, the study of He-H synergistic effects is extremely challenging.
RADIATION EFFECTS IN MATERIALS UNDER FUSION, FISSION, AND SPALLATION NEUTRON IRRADIATION
The radiation resistance of nuclear materials is usually evaluated using reactor irradiation (Was et al., 2014). In the absence of an available fusion neutron source, researchers have previously carried out neutron irradiation experiments on fusion reactor structural materials using fission reactors and spallation neutron sources (Stork et al., 2017).
However, due to the intrinsic difference in the neutron energy spectrum, the results obtained from fusion neutron irradiation are significantly different from those of fission and spallation neutron irradiation. Unlike fusion neutron, the fission neutron irradiation primarily produces displacement defects with only small amount of transmuted hydrogen and helium. The available low-dose fusion neutron irradiation results mainly focused on the structure and evolution of defect clusters in pure metals and simple alloys (Kiritani et al., 1984; Shimomura et al., 1985; Shimomura et al., 1988; Singh and Zinkle, 1993). Muroga et al. (1992) reported that the type and size of defect clusters in copper under fission and fusion neutron irradiation were similar, yet the density showed a pronounced difference. And this difference corresponded well to the comparison of yield strength changes under the two types of irradiation, which showed that the needed dose for fission neutron is 17 times greater than that for fusion neutron to produce the same yield strength change and hardening in annealed copper (Heinisch, 1988).
The differences in iron were also significant. Matsui et al. (1985) investigated the temperature dependence of yield strength of iron irradiated by RTNS-II and KUR (Kyoto University Reactor, fission neutron). It was shown that the temperature dependence in both cases was similar and only slightly changed at low temperatures. In the high-temperature range, the yield strength of iron under RTNS-II irradiation decreased more rapidly with increasing temperature than that under KUR irradiation, and the two dependence curves crossed, suggesting detectable differences in defect structures between the two types of irradiations. Matsui et al. (1988) also compared the resistivity of iron after fission- and fusion-neutron irradiation and found that the induced resistivity of iron under fusion neutron irradiation was 2 times larger than that under fission neutron irradiation. Meanwhile, Okada et al. (1991) reported the variance of mechanical property changes of iron under fusion and fission neutron irradiation. And they pointed out that there were much more invisible defect clusters for fusion neutron irradiation by comparing the testing results with the model predictions.
In addition to mechanical properties, researchers also found that the irradiation-induced swelling behaviors in metals were quite different under the two kinds of neutron irradiation. It could accumulate required He concentration for cavity stabilization at relatively low doses under fusion neutron irradiation, with a production rate of about 10 appm/dpa. In the 1980s, Muroga et al. (1988) compared the microstructures and cavity swelling in annealed pure nickel irradiated by JOYO (Japanese Experimental Fast Reactor, fission neutron) and RTNS-II, with irradiation temperature of 673–773 and 723 K, respectively. The doses in these two cases were 0.067–4.3 dpa and 0.00057–0.020 dpa, and the dose rates were 1.8–21.6 × 10−8dpa/s and 0.0084–0.30 × 10−8dpa/s, respectively. They found that the swelling after fusion neutron irradiation was considerably higher than that after fission neutron irradiation, regardless of the similarity in the density of cavity. Considering the possible role of different damage rates, the increase in swelling was still significant, revealing pronounced He-H synergistic effects. As shown in Figure 1, Singh and Zinkle (1993) compared Muroga’s data with other fission neutron irradiation data and further consolidated the significant enhancement of swelling, which was also found in copper under low-dose fusion neutron irradiation (Kiritani et al., 1990).
[image: Figure 1]FIGURE 1 | Variation of cavity swelling with dose in nickel irradiated with fission and fusion neutrons. The swelling after low-dose fusion neutron irradiation is much greater than that after fission neutron irradiation. Reproduced with permission from Singh and Zinkle (1993). Copyright 1993 Elsevier.
It has been widely confirmed that the irradiation swelling significantly depends on the He-dose ratio (appm/dpa), and the dependence is non-monotonic (Bhattacharya and Zinkle, 2020), as shown in Figure 2. Researchers have tried to achieve fusion-relevant He production rate, i.e., He/dpa ratio, by applying a Ni-bearing implanter foil on the surface of the irradiated materials for high-energy α particles under fission neutron irradiation, or doping Ni or B isotopes in materials (Hashimoto et al., 2002; Tanigawa et al., 2011). However, the helium profile produced in the foil differs from the distribution of neutron-induced damages, and the doping elements will affect the composition and properties as well as responses of materials to irradiation (Stork et al., 2017; Dai et al., 2020).
[image: Figure 2]FIGURE 2 | The dependence of cavity swelling in pure Cu on the production rate of He. The dependence is nonmonotonic and a peak swelling occurs at about 10 appm He/dpa. (Bhattacharya and Zinkle, 2020).
Meanwhile, the concentration of simultaneously produced hydrogen and helium under spallation neutron irradiation is one order of magnitude higher than those under fusion neutron irradiation. Actually, in addition to high-energy neutron irradiation, the materials would be irradiated by high energy and current proton beams simultaneously in spallation neutron source (Oliver et al., 2006). For example, in the SINQ (Swiss Spallation Neutron Source), the typical damage levels could reach up to about 20 dpa and 1,800 appm He (Jia and Dai, 2006). Microstructural damage and mechanical properties changes in AUSS (Austenitic stainless steels) and FMS (Ferritic–martensitic steels) under spallation neutron irradiation have been widely investigated. As shown in Figure 3, the materials’ hardening induced by spallation neutron irradiation appears to be similar to that under fission neutron irradiation at low doses. As dose increases, the hardening induced by fission neutron irradiation gradually saturates, while that by spallation neutron irradiation increases continuously. This may be primarily attributed to the effects of He and H. Thus, given the great difference in energy spectrum and transmutation production of He and H, the damage effects induced by spallation neutron irradiation might be different from those by fusion neutron irradiation.
[image: Figure 3]FIGURE 3 | Variation of irradiation hardening with dose induced by spallation and fission neutron irradiation. As dose increases, the hardening induced by fission neutron irradiation saturates, while that induced by spallation neutron irradiation do not saturate and reaches remarkable levels. (Dai et al., 2020).
In summary, fission and spallation neutron irradiation cannot accurately emulate the synergistic effects of displacement defects, helium, and hydrogen during fusion neutron irradiation. Therefore, fusion neutron source or other emulation methods that can produce comparable He and H concentration to fusion reactors is necessary to help investigate the He-H synergistic effects in structural materials.
MULTI-ION BEAM IRRADIATION
Multi-ion beam irradiation, i.e., HI (Heavy Ion) + He + H, has been considered as the promising surrogate for fusion neutron irradiation. By coupling two or three accelerators, multi-ion beam irradiation can simultaneously produce displacement damage in the materials, as well as appropriate He/dpa ratio and H/dpa ratio equivalent to those in fusion reactors. Therefore, it can help to study the He-H synergistic effects induced by fusion neutron irradiation. Unlike neutron irradiation, multi-ion beam irradiation could achieve high dose, high He and H levels in a very short period of time with little residual radioactivity. Moreover, the irradiation parameters (ion species and energy, temperature, dose, dose rate, He/H production rate) can be widely varied and well-controlled. Nevertheless, there are some unavoidable disadvantages of multi-ion beam irradiation. The shallow penetration depth would result in defect-depleted zone near free surfaces and limit post-irradiation characterization of bulk mechanical properties. In addition, the doping of additional interstitial atoms and ultra-high damage rate might produce artifacts that mislead the analysis of damaged microstructures and radiation effects. (Was, 2015; Zinkle and Snead, 2018).
Here, we review the experimental studies of the He-H synergistic effects in blanket structural materials of fusion reactors. The possible mechanisms of helium and hydrogen in swelling and cavities evolution under multi-ion beam irradiation are analyzed. We also discussed the role of various experimental factors, such as irradiation temperature, gas-dose ratio of He and H in the radiation effects. These findings could help understand the application and limitations of multi-ion beam irradiation methods in studying He-H synergistic effects. More systematic controlled experiments are suggested to investigate the role of damage rate, develop a comprehensive understanding of He-H synergistic effects, and determine the potential synergistic damage of structural materials.
HE-H SYNERGISTIC EFFECTS ON CAVITY EVOLUTION AND SWELLING
Table 1 summarizes the typical experimental results using multi-ion beam irradiation. There seems to be a certain effect of promoting the cavity nucleation when both He and H are present. However, due to the lack of understanding of the original interaction progress and evolution mechanism, the synergistic effects on cavity size and swelling are controversial.
TABLE 1 | The summary of typical studies on the He-H synergistic effects under multi-ion beam irradiation.
[image: Table 1]He and H present in materials are more likely to interact with vacancies than interstitial atoms. Helium and hydrogen atoms can bound to vacancies to form He-V, H-V, and He-H-V pairs and clusters, which could be the embryos of cavities (Jung et al., 2001; Trinkaus and Singh, 2003; Henriksson et al., 2005) and influence vacancy migration energy ([image: image]) (Liu et al., 2019). Liu et al. calculated the [image: image] by measuring the growth rates of irradiation-induced dislocation loops under sequential He/H and electron irradiation at different temperatures. The results suggested that [image: image] under different irradiation conditions followed the order that pre-implantation (He + H) >He > H. The authors explained that He preferred occupying substitutional position sites and formed He-V clusters with vacancies easily, causing the increase of [image: image]. H-V clusters could be also formed, yet they were usually weaker than He-V. Moreover, H could strengthen the binding of He and V, and then formed He-H-V clusters that further hinder the movement of vacancies. These results suggested that the presence of He and H would contribute to the aggregation of vacancies and the formation of cavities, further influencing the irradiation-induced swelling.
The increase of swelling caused by He-H synergistic effects in materials under different experimental conditions had been demonstrated in previous studies (Farrell and Lee, 1985; Farrell and Lee, 1987; Sekimura et al., 2000; Tanaka et al., 2004; Borodin et al., 2013; Brimbal et al., 2015; Kupriiyanova et al., 2016; Liu et al., 2021). However, some results (Farrell et al., 1978; Hamada et al., 1997; Kupriiyanova et al., 2016; Jiang et al., 2020) showed that He-H synergistic effects on swelling are not monotonic, indicating that the swelling may not always be enhanced but also be suppressed under triple beam irradiation. For example, Jiang et al. (2020) recently reported that the cavity swelling of alpha-Cr was 0.8% under single beam irradiation, while a lower swelling of 0.5% was observed under triple beam irradiation.
Cavity swelling is usually evaluated by the volume ratio of cavities and the matrix (Jiang et al., 2020). The size and number density of cavities strongly influences swelling. Thus, to better understand the mechanism of swelling, we need to discuss the synergistic effects on specific cavity properties such as average size and number density separately. Almost all the results in Table 1 show that the number density of the cavity increased as He and H were introduced simultaneously, suggesting that the He-H synergistic effects would prompt the nucleation and dispersion of the cavity. The only exception that the density decreased in Sekimura et al. (2000) might be attributed to the differences in materials and the gas-dose ratio of He and H.
The change of cavity size in the synergistic effects is somewhat complicated. In most studies shown in Table 1, the He-H synergistic effects reduced the size. For instance, Roldán et al. (2016) noticed that cavities had the largest size when there was basically no gas but all displacement damage. However, at the depth of maximum concentration of He and H, cavities had the highest density. This may be attributed to the synergistic effects on nucleation. Nevertheless, some results suggested that the synergistic effects would increase the average size of cavities, as shown in Table 1. For example, Zimber et al. (2020) found that the largest cavities always formed at the depth corresponding to the maximum displacement damage and concentration of He and H. This indicates that the synergistic effects may also prompt cavity growth. The different trends of synergistic effects on cavity size as well as swelling could be attributed to the different cumulative dose, material systems, irradiation temperatures, and implantation gas concentration (appm/dpa) in various experiments.
THE ROLE OF HE AND H IN SYNERGISTIC EFFECTS
As mentioned above, helium can stabilize vacancies clusters and promote cavity nucleation, and this process is affected by temperature (Monterrosa et al., 2018; Ni et al., 2020). This is confirmed by experimental results. In the column of “the effect of He” in Table 1, the presence of He in dual-beam irradiation increases the density and decreases the size of cavities in almost all cases. Besides, in some studies (Brimbal et al., 2015; Liu et al., 2021), researchers observed no cavities in materials under single HI irradiation, while cavities emerged under dual beam (HI + He) irradiation. This indicates the role of He in prompting cavity nucleation.
Unlike helium, there has been no consistent conclusion on the role of hydrogen, which may be the main source of the discrepancy in the He-H synergistic effects. As shown in Table 1, the results suggest that H might have no obvious effects on the cavity, or prompt nucleation or/and growth process. The different effects might be influenced by irradiation dose, temperature, material systems, and gas-dose ratio. Kupriiyanova et al. (2016) work supported the idea that H would prompt cavity nucleation. The researchers found that the presence of H in dual-ion beam (HI + H) irradiation resulted in an evident reduction of cavity average size, compared to that after single HI irradiation. Meanwhile, the density was greatly increased by about 100 times. As the implantation concentration of H increased, the cavity size slightly decreased and the density increased continually. Kano et al. (1993) suggested that a critical concentration of H was needed to prompt cavity nucleation. They found that there was no visible cavity under (HI + H) dual beam irradiation at first, but cavities emerged when the implantation concentration (appm/dpa) of H was high enough.
Sekimura et al. (2000) and Tanaka et al. (2004) both suggested that H may have little effects on cavity evolution when interacting with vacancies alone, because the cavity size, density, and swelling were all nearly unchanged under (HI + H) dual beam irradiation compared to single HI irradiation. However, compared to (HI + He) dual beam, the introduction of H in triple beam significantly increased the size of the cavity and reduced the density, and the swelling was also enhanced. This indicated that H could prompt the growth of cavity effectively. And the different role of H in these two situations implied that H might exhibit a significant effect mainly in the synergistic effects of He, H, and vacancies.
However, Jiang et al. (2020) reported a distinct effect of H on prompting cavity growth under (HI + H) dual beam irradiation. The presence of H in dual beam increased the size of cavities and reduced the density significantly, resulting in the maximum swelling. Additionally, the size and density of cavities under (HI + H + He) triple beam irradiation increased compared to (HI + He) dual beam, indicating that H could prompt both the nucleation and growth of cavities in synergistic effects.
The difference in the effects of H between the comparison of (HI + H) vs. HI and (HI + H + He) vs. (HI + He) could be explained by the instability of H-V clusters, from which H could dissociate and escape under some conditions. In contrast, the He-H-V clusters formed in He-H synergistic effects are more stable. Chen et al. (2017) found that, compared to sequential He-H irradiation, the size of cavities and swelling decreased obviously under sequential H-He irradiation. They proposed that this was attributed to the decomposition of H-V clusters at high temperatures which formed during H implantation first. Nevertheless, under sequential He-H irradiation, the post-implanted H could be trapped by relatively stable He-V clusters, resulting in the increase of H concentration in the clusters and swelling. In materials under triple beam simultaneously irradiation, the stable He-V clusters would also capture H to form He-H-V clusters and dominate the evolution of cavities (Jin et al., 2019).
THE ROLE OF GAS-DOSE RATIO IN SYNERGISTIC EFFECTS
In synergistic effects, gas-dose ratio also has a significant influence on the characteristics and evolution of cavities and further affects the swelling values of materials. As mentioned above, the synergistic effects would usually prompt the nucleation and dispersion of cavities. As gas concentration increases, the cavity size decreases, and thus the swelling might be suppressed. The critical concentration, if exists, depends on the specific materials and irradiation conditions. Sekimura et al. (2000) found that the vanadium alloy reached the maximum swelling when the gas-dose ratio of He and H was both 10 appm/dpa. As shown in Figure 4, the swelling decreased as the gas-dose ratio slightly increased or decreased. And irradiation with higher gas concentration could induce a higher cavity density but a smaller size. This trend was also found in F82H steel after triple-ion beam irradiation with the gas-dose ratio ranging from 18 appm He/dpa and 70 appm H/dpa to 180 appm He/dpa and 1,800 appm H/dpa (Wakai et al., 2003).
[image: Figure 4]FIGURE 4 | The synergistic effects on vanadium alloy irradiated with different gas-dose ratio of He and H. It reached the maximum swelling at 10 appm He/dpa and 10 appmH/dpa (Sekimura et al., 2000).
THE ROLE OF TEMPERATURE IN SYNERGISTIC EFFECTS
It is expected that temperature plays an important role in the He-H synergistic effects because the stability and motility of clusters as well as the formation and growth of cavities are strongly temperature dependent. Based on the dependence of point defects motion on temperature, there would be a peak swelling temperature under both single HI and multi-ion beam irradiation (Lin et al., 2021). In the 1980s, Horton et al. (1981) reported that the swelling of Fe-10Cr alloy reached its maximum swelling under triple beam irradiation at 850 K, which was 150 K higher than that under fast neutron irradiation. When the temperature was below 800 K, no cavity was found. As temperature increased, the average size of cavities increased first and then decreased, the trend density was opposite. These results indicate that below the peak swelling temperature, the increase of temperature would prompt the growth of cavities and subsequently dominate the swelling.
As shown in Figure 5, Borodin et al. (2013) systematically investigated the behaviors of cavities in AUSS after irradiation between 723 and 923 K. The results showed a slight shift in the peak swelling temperature under single and multi-beam irradiation, meanwhile the swelling was enhanced by He-H synergistic effects over the entire temperature window. And it was noteworthy that below the peak swelling temperature, the swelling under triple beam irradiation was always higher than those under dual beam irradiation. However, the (HI + H) dual beam caused the maximum swelling at the peak swelling temperature, which was attributed to the second-largest cavity size. This suggests that the diffusion and trapping processes of He and H in synergistic effects could be directly affected by temperature, leading to significant influence on cavity properties and swelling. Overall, as the temperature increased, the density of cavities decreased while the size increased under all irradiation conditions.
[image: Figure 5]FIGURE 5 | The dependence of synergistic effects on temperature in AUSS. The peak swelling temperature has a slight shift under single and multi-beam irradiation. And at the peak swelling temperature, the (HI + H) dual beam irradiation causes the maximum swelling (Borodin et al., 2013).
The influence of temperatures was also observed in Wakai et al. (2003). As the temperature increased from 743 to 873 K, the swelling in F82H steel under triple beam irradiation with 18 appm He/dpa and 70 appm H/dpa decreased sharply from 3.2% to 0.09%, which was mainly due to the decrease of cavity density. Meanwhile, there was only a slight decrease in swelling induced by dual beam irradiation. In particular, they found that the results were quite different under triple beam irradiation with spallation-relevant gas production rate, i.e., 180 appm He/dpa and 1,800 appm H/dpa. It was shown that the swelling first decreased from 1.2% to 0.29% and then increased to 1.0% with increasing temperature, while the cavity size decreased and the density increased continually.
BIMODAL SIZE DISTRIBUTION OF CAVITY IN SYNERGISTIC EFFECTS
In addition, temperature will affect the proportion of vacancies to H/He atoms in the cavity by affecting the motility and binding of vacancy and gas atoms. As a result, cavities might transform between void-like and bubble-like as the temperature changes. And these two types of cavities, which differ in size and shape, are often observed to coexist in materials after irradiated in the study of He-H synergistic effects (Taller et al., 2019; Liu et al., 2021).
Roldán et al. (2016) reported that, in irons irradiated by triple-ion beam, as the temperature increased from 623 to 723 K, there appeared both large polygonal faceted and small circular shapes cavities where previously only smaller circular cavities existed. This indicated the transition of bubble-like cavities to void-like cavities. The coexistence of large and small cavities is known as bimodal size distribution and was predicted by early modeling work (Odette, 1979; Hishinuma and Mansur, 1983). The bimodal distribution may result from the transition regimes of cavity evolution (Getto et al., 2017), and sometimes would be eliminated at high temperatures. The elimination may be due to the completion of transition (Roldán et al., 2016) or the disappearance of bias-driven sources, such as dislocations (Farrell and Lee, 1987). In addition, there might be a critical cavity size for the transition in bimodal distribution, which mainly depends on the temperature and gas-dose ratio (Taller and Was, 2020).
Recently, the distribution of gas atoms in cavities was investigated. In 2020, Zimber et al. (2020) confirmed the existence of He and H inside a large cavity by EELS (Electron Energy Loss Spectroscopy). The results suggested that gas was present throughout the whole cavity, where helium formed a core-like structure in the center and H occupied also further peripheral area. The results were consistent with modeling works (Hayward and Deo, 2012), which indicated that the stable configuration of clusters may have a core of helium and be surrounded by a shell of hydrogen atoms attached to the free surface, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | The stable configurations of He-H-V clusters. The small yellow circles represent vacancies, pink ones represent hydrogen atoms, and blue ones represent helium atoms (Hayward and Deo, 2012).
THE ROLE OF DAMAGE RATE IN SYNERGISTIC EFFECTS
As mentioned earlier in Horton et al. (1981), the peak swelling temperature usually has a shift of up to hundreds Kelvin between ion and neutron irradiation conditions due to the great difference in damage rates (Saidi et al., 2021). Likewise, the damage rate in multi-ion beam irradiation, including dose rate and gas implantation rate (appm/s), are 3 to 4 orders of magnitude higher than that in fusion neutron irradiation conditions. The different damage rates could significantly affect the formation and evolution of cavities, and this huge difference has led to questions about the results obtained from multi-ion beam irradiation. However, there are barely experimental studies on the influence of damage rate on He-H synergistic effects so far, except for one or two explorations under (HI + He) dual-ion beam (Taller and Was, 2020).
In summary, the He-H synergistic effects usually prompt the nucleation of cavity when He and H are both present, while the swelling might be enhanced or suppressed. He can effectively stabilize vacancy clusters and prompt the nucleation and dispersion of cavities, resulting in the increase of cavities number density and decrease of size. However, the specific effects of H are still not clear. It seems that H could be trapped by He-V clusters and strengthen the binding of He and V, reducing the surface energy to prompt the growth of cavity.
CONCLUSION AND PERSPECTIVES
Up to now, the majority of experimental studies on He-H synergistic effects induced by fusion neutron irradiation were based on multi-ion beam irradiation. However, these results are not always consistent. Due to the lack of comprehensive understanding of the mechanism of synergistic effects, it is challenging to obtain a convincing conclusion about the possible synergistic damage to blanket structural materials in fusion reactors.
The swelling data may be sufficient to describe the cavity damage effects under single heavy ion irradiation. However, due to the complicated effects of He and H on cavity nucleation and growth processes under multi-ion beam irradiation, it is necessary to focus on the specific characteristics of cavity, such as size and number density. There exist many factors that can significantly influence the synergistic effects, including irradiation dose, temperature, dose rate, implantation rate (appm/s) and gas-dose ratio (appm/dpa) of He and H, and materials properties. This suggests that systematic-controlled and carefully designed experiments are needed to study the specific roles of various factors in synergistic damage. Meanwhile, computational simulations are powerful tools for exploring the original interaction process and mechanism. Advanced and efficient multi-scale computational methods should be developed and combined with experimental methods to explore the mechanisms of synergistic effects.
Multi-ion beam irradiation cannot emulate fusion neutron irradiation yet. One of the greatest obstacles is the extremely high damage rate in multi-beam irradiation, where the dose rate is determined by both the beam currents and the energy deposited density. During the He-H synergistic effect, the effects of dose rate and gas implantation rate (appm/s) on swelling and yield strength change should be considered in depth. And in actual irradiation experiments, the damage rate should be reduced as much as reasonably possible to better emulate the fusion neutron irradiation conditions.
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