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As a high heat flux linear plasma device designed for studying divertor materials in future fusion reactors, HIT-PSI(Plasma Surface Interaction device at Harbin Institute of Technology) has been successfully constructed and has maintained stable operation since its completion. The characteristics of He plasma beams in HIT-PSI are investigated by emission spectroscopy and an infrared camera, with preliminary irradiation experiments conducted by bombarding tungsten with the beam. For relatively conservative discharge parameters, HIT-PSI achieved a steady-state heat flux capacity of ∼40 MW/m2 using infrared measurements, with the full width at half maximum (FWHM) of the heat flux beam reaching 4 mm. These characteristics make HIT-PSI an advanced platform for testing divertor materials and plasma-facing components, providing essential experimental supports for research and development of high-performance divertor materials.
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1 INTRODUCTION
The performance of materials for the tokamak divertor target and other plasma-facing components (PFCs) is critical to determining their reliability [1–5]. As fusion devices advance towards reactor parameter regimes, the expected high heat flux will exceed 10 MW/m2 in divertor regions [6], accompanied by highly high particle flux. Nevertheless, most existing divertors of fusion devices, generally operate with short discharge pulses and relatively low heat flux on their target plates, significantly below the requirement for future fusion reactors [7–10].
To further evaluate and optimize the performance of PFC materials, various linear plasma devices (LPDs) have been developed as test platforms to experimentally simulate plasma surface interactions (PSIs) in future fusion reactors [11–18], mainly focusing on the study of tungsten [19, 20]. Characterized by a simple structure and low cost, enable flexible magnetic field configurations by various plasma sources to simulate plasma temperatures and densities similar to those in fusion reactor boundary regions, LPDs have been widely used in research areas of plasma physics and applications, particularly for simulating significant physical processes in divertor/scrape-off-layer (D-SOL) environments. For instance, Pilot-PSI [21, 22] employs a cascaded arc plasma source capable of generating high magnetic fields in short pulses, up to 1.6 T for a few seconds, to produce hydrogen plasma beams with electron density of 5 × 1021 m−3 and electron temperature of 3 eV. The next-generation LPD, Magnum-PSI [23–26], designed and constructed based on the experience from Pilot-PSI, achieves steady-state particle flux >1025 m-2s−1 and heat flux >50 MW/m2 [26]. At Oak Ridge National Laboratory (ORNL), MEPX uses a helicon source in a confinement magnetic field of ∼1.4 T and with additional heating methods, e.g., ECRH and ICRH, for a designed power of ∼1 MW [27, 28]. Recently, another high heat flux simulation facility for PSIs known as HIT-PSI [29] at Harbin Institute of Technology (HIT) has been designed and is now in operation. As illustrated in Figure 1, this facility utilizes a cascaded arc plasma source in a high magnetic field exceeding 2 T generated by superconducting magnets to simulate characteristics of extreme heat and particle flux in divertor region.
[image: Figure 1]FIGURE 1 | A photograph of the HIT-PSI device.
Supported by these devices, the physical simulation of LPDs, such as that in HIT-PSI and other devices, allows for a more intuitive understanding transport characteristics in the D-SOL region, and particularly provides crucial support for the studies on high heat load effects. First, the similarity between the LPDs (such as HIT-PSI and other similar devices) and the D-SOL region of tokamaks makes it an appreciated platform for studying edge physics in fusion plasmas [30, 31]. In an open magnetic field environment similar to that in the D-SOL region of tokamaks, the LPD can effectively simulate feature transport processes of D-SOL plasmas [31–33]. Nevertheless, the toroidal geometry feature of tokamaks other than that in LPDs may cause the notable drift effect on transport, leading to limitations in LPD physical simulations [34]. For HIT-PSI, the plasma beta is designed and experimentally estimated 10–5∼10–4, in the range of D-SOL plasmas of existing tokamaks and future reactors (e.g., ∼10–5 for ITER [35]). Also, the normalized collision rate (by the electron gyro-frequency) in HIT-PSI is 10–3∼10–2, much higher than that for tokamak D-SOL plasmas (e.g., 10–5∼10–4 for ITER [35]). To present the divertor target property, the ratio of Debye length, which features the target sheath thickness, to the electron gyroradius is 10–1∼100, also in the same range as for ITER (∼100) [35]. Additionally, the electron temperature in LPDs is typically lower (ranging from a few eV to tens of eV [26, 36]), allowing for detached state research. Most prominently, HIT-PSI can achieve a parameter range much higher than that of existing tokamak devices but of the future reactor regime, in steady-state operations. Particularly, HIT-PSI is capable to generate a high heat flux density of [image: image] 20 MW/m2, close to that on the divertor of fusion reactors [37, 38], which is a crucial parameter for studies of high heat load effects on target materials. On the other hand, one however needs to aware the noteworthy electron temperature difference between the LPD and the tokamak SOL region (usually >100 eV [37]), which complicates the interpretation of simulation results. Nevertheless, by adjusting the operating parameters, one may can yield the LPD experimental environments closer to tokamak divertor conditions. Furthermore, the linear device enables detailed investigations on PSIs between various ions (such as hydrogen, helium, as well as argon, etc.) and materials across different parameter ranges as well as boundary processes. However, it is difficult for HIT-PSI to achieve the effects of multiple particles working together (the particle composition in the D-SOL region is not only complex, but also with significant differences in temperatures of particles) [37]. Additionally, by adjusting the working gases and operation conditions of LPDs, one can further explore atomic-molecular processes of different particles, such as ionization, excitation, as well as molecular activation recombination (MAR) and electron-ion recombination (EIR), etc [39, 40]. Such processes provide crucial insights into energy and particle transports characteristics of the plasma, especially for energy loss mechanism in detachment. Generally, these capabilities mentioned above make the linear device an indispensable experimental tool in the future of fusion research and materials science.
This study focused on the characterization of helium plasma beams generated in HIT-PSI with high magnetic fields. Optical emission spectroscopy was then employed to measure the plasma’s spectral characteristics beam at different magnetic field strengths and gas flow conditions and excitation temperatures were calculated. An infrared camera was used to evaluate the heat flux capacity of the device. Irradiation experiments were also conducted for pure tungsten samples. In steady-state operations of HIT-PSI, even for relatively conservative discharge parameters, the heat flux of helium plasma beams can reach up to 40 MW/m2, demonstrating the experimental capability to simulate processes equivalent to those in the divertor environment.
The arrangement of this paper is as follows: Section 2 introduces the experimental setups. The results and analysis of emission spectroscopy, infrared diagnostics, and tungsten irradiation are presented in Section 3. The final section provides a conclusion.
2 EXPERIMENT SETUP
The HIT-PSI device (Figure 1) is operated in a 2 m long chamber by superconducting magnets, capable of reaching a magnetic field of up to 2.5 T, with a uniform magnetic field region >1 m and 8 radial boreholes to allow for flexible configuration of the vacuum system and diagnostic equipment. The plasma is generated by a cascaded arc source to generate a steady-state high-density plasma beam. The pumping system, consisting of screw and root pumps, achieves a pumping speed of 2500 L/s, maintaining a background pressure of 0.01 Pa. The movable target platform allows for changing the irradiation platform position axially.
A schematic diagram of the experimental setup is presented in Figure 2A. The discharge gas used in experiments is pure helium (He), with gas flow rates controlled at 1.4 slm, 1.7 slm, and 2.1 slm, respectively, corresponding to vacuum chamber pressures of 3.0 Pa, 3.5 Pa, and 4.0 Pa measured by an INFICON capacitance diaphragm gauge (Model CDG025). The collection point for emission spectroscopy and the infrared camera are both at Window 1, 25 cm from the plasma source outlet. Three axial magnetic fields are applied, corresponding to coil currents of 120 A, 170 A, and 230 A, producing field intensities of approximately 2.0 T (C1), 1.5 T (C2), and 1.0 T (C3),as shown in Figure 2B.
[image: Figure 2]FIGURE 2 | Schematic diagram of (A) the infrared radiation (IR) and optical measurement arrangement and (B) the experimental magnetic field conditions.
Optical emission spectra are collected with a Princeton Instruments (PI) SP-2750 spectrometer and a MAX4 1024i ICCD. Two diffraction gratings are utilized, one with a groove density of 300 g/mm and the other with 2,400 g/mm. Optical transmission is achieved through a UV-VIS fiber bundle (Model LG-455-020-3). The focusing optics consists of a fused silica plano-convex lens, 50.8 mm in diameter and 200 mm in focal length. Wavelength calibration is carried out by an AvaLight-HAL-CAL-Mini, while intensity calibration is performed with a PI intensity lamp in conjunction with the IntelliCal® system.
For heat flux measurement, real-time surface temperature changes of the graphite block under plasma beam bombardment are captured and recorded by the infrared camera. Then, a three-dimensional heat conduction equation was applied to calculate the heat flux of the plasma beam. A graphite cube with an 80 mm edge length is placed at Window 1, resting on a zirconia ceramic plate with a significantly lower thermal conductivity than graphite to ensure adiabatic conditions for the graphite during irradiation. The FLIR A700sc infrared camera, operating within the 7.5–14.0 µm wavelength range, is positioned at Window 1, perpendicular to the beam transmission direction. The Plasma Beam Facing Surface (PBFS) of the graphite cube is tilted 30° to the chamber symmetric axis to facilitate the observation of temperature changes on the surface with the infrared camera. The observation window is made of optical-grade ZnSe with a special coating, ensuring an infrared transmission rate of over 95% in a 6–14 µm wavelength range. The acquisition frequency is fixed at 30 Hz. Before experimental measurements, the infrared camera is placed behind the ZnSe window and calibrated by a standard heat source, with the infrared emissivity of the graphite cube surface measured at the same 30-degree angle setting. The thermal conductivity of the graphite is measured by a laser flash method and fitted to an exponential function as.
[image: image]
where T is the temperature in Kelvin (K), and other parameters are listed in Table 1.
TABLE 1 | Thermodynamic parameters of the graphite block used.
[image: Table 1]The irradiated sample is a circular pure tungsten disk with a diameter of 30 mm and a thickness of 4 mm. The irradiation location is also at Window 1, with the sample fixed onto a water-cooled target plate. The back of the sample remains in contact with a water-cooled copper plate, facilitating the cooling process by heat conduction during irradiation. To easily observe the practical interaction between the sample and the plasma, the entire target is positioned on a movable platform, and the samples undergo irradiation experiments under two conditions: without an applied bias and with a bias of −80 V. After finishing the irradiation, the sample is first cooled and then exposed to atmospheric pressure, followed by Scanning Electron Microscope analysis.
3 RESULTS AND DISCUSSION
In this section, Section 3.1 will introduce the measurement and analysis of the spectral characteristics of the He plasma beam using emission spectroscopy under different magnetic fields, while Section 3.2 will present the measurement results of the heat flux of the HIT-PSI device using an infrared (IR) camera. Section 3.3 provides preliminary results of the irradiation of pure tungsten target plates with the He plasma beam.
3.1 Emission spectral characteristics of He plasma in strong magnetic fields
Figure 3 presents a comparison of the spectral intensities as the gas flow rate increases from 1.4 slm to 2.1 slm and the pressure rises from 3.0 Pa to 4.0 Pa at C1, and Figure 5A gives the intensity ratios of the main He I spectral lines. The substantial enhancement in line intensity indicates a significant increase in the density of excited atoms due to increased gas flow. This increase in gas flow can simultaneously raise the electron temperature and density to some extent, as demonstrated in experiments conducted on other experimental setups [41, 42].
[image: Figure 3]FIGURE 3 | Typical spectra of the He plasma beam at different gas flow rates at C1 and a discharge current of 120 A.
Figure 4 compares the spectra in different magnetic fields (C1, C2, and C3) at a discharge current of 120 A and a gas flow rate of 2.1 slm. The differences in spectral lines of various cases are minimal. The simple and stable energy level structure of helium atoms results in a high probability of spontaneous emission for strong He I lines during transitions from excited states to the ground state. The plasma produced by the cascaded arc source has a relatively low electron temperature (˂5 eV) [23, 43–45], challenging to excite a transition to higher energy levels. Thus, the transitions mainly concentrated on a few strong lines at lower energy levels. Such factors together lead to main spectral profiles without significant differences in the three magnetic field conditions.
[image: Figure 4]FIGURE 4 | Typical spectra of He plasma beams at C1(A), C1(B) and C1(C) with a discharge current of 120 A and a gas flow rate of 2.1 slm.
Figure 5B presents the intensity ratios of the main He I spectral lines at different magnetic field conditions, with all lines normalized by that of C1. The results indicate that as the magnetic field strengthens, the line intensity increases, particularly as comparing the lines for C1 and C3 with the more pronounced magnetic field difference. The presence of a strong magnetic field induces a noticeable Zeeman effect, resulting in broader spectra and much more apparent intensity differences. The excitation of helium atoms primarily occurs by collision and recombination excitations (including radiative and three-body recombinations). Near the exit of the plasma source, the electron temperature is relatively high [46], which makes collisional ionization and excitation the dominant processes, with electron collisions to ground-state helium atoms being the primary excitation mechanism. At stronger magnetic fields, the beam is better confined, radial diffusion, and the density is better maintained. Additionally, the power supply voltage for the plasma source increases from 107.0 V at C3 to 119.8 V at C2, and to 126.5 V at C1, indicating that more energy is coupled into the plasma as the magnetic field strengthens, leading to an increase in electron temperature. Furthermore, a weak He II 656.4 nm line appears in the spectrum, indicating an increase in the number of high-energy electrons. Consequently, the spectral intensity is higher at stronger magnetic fields.
[image: Figure 5]FIGURE 5 | (A) Intensity ratios of the main He I spectral lines at different gas flow rates at C1 and a discharge current of 120 A, with normalization to the spectral intensity at C1. (B) Intensity ratios of the main He I spectral lines at different magnetic field conditions at a gas flow rate of 1.4 slm and a discharge current of 120 A, with normalization to the spectral intensity at C1.
At high magnetic fields, the spectral lines exhibit significant Zeeman splitting, which complicates the calculation of parameters with broadening. Figure 6 shows the Zeeman splitting of He I 667.8 nm line (21 P-31D), clearly observed at C1 and C2. However, this splitting can be used to calculate the magnetic field accurately. The splitting caused by the Zeeman effect can be written [47].
[image: image]
where [image: image] is the original wavelength of the spectral line, [image: image] is the Bohr magneton, [image: image] is the Landé g-factor, [image: image] is the magnetic quantum number, B is the magnetic field strength, h is the Planck constant, and c is the speed of light. From the splitting width in Figure 6, the magnetic fields at the measurement positions for C1 and C2 can be approximately calculated as 1.78 T and 1.26 T, respectively, in close agreement with the actual magnetic field in Figure 2B.
[image: Figure 6]FIGURE 6 | Zeeman splitting of He I 667.8 nm spectrum at C1.
By selecting the spectral lines from the characteristic spectrum listed in Table 2, we can construct the Boltzmann plot depicted in Figure 7A, in which the variation in electron excitation temperature can be determined. Figure 7B shows the excitation temperatures calculated using the Boltzmann slope method for different magnetic fields (with a discharge current of 120 A), as well as various discharge currents and gas flow rates (at C1). It can be observed that excitation temperatures do not exceed 1 eV, significantly differing from the actual electron temperature and indicating non-equilibrium plasmas and insufficient collisions [15, 48]. In this region, near the plasma source exit, where both electron temperature and density are high, collisional ionization dominates. The collisional ionization process mainly involves high-energy electrons, and their reduction in number and insufficient collisions likely lead to non-Maxwellian distribution characterized by a lack of high-energy electrons. This could be the reason for the lower excitation temperature.
TABLE 2 | Selected he i spectral lines and their parameters.
[image: Table 2][image: Figure 7]FIGURE 7 | Boltzmann plot of the He I spectral lines (A) and electron excitation temperature at three different magnetic fields (B).
As shown in Figure 7B, the electron excitation temperature shows a slight downward trend as the magnetic field increases but generally remains stable overall. Thomson scattering measurements on the Pilot-PSI and Magnum-PSI device indicated that electron temperature and density rise with a stronger magnetic field, leading to an increased ionization rate [22, 49]. Consequently, more high-energy electrons are consumed in the ionization process, leading to a slight decrease in electron excitation temperature, which remains significantly lower than the overall electron temperature.
The electron excitation temperature shows a slight upward trend as the discharge current increases, depicted in Figure 7B. The increase in the discharge current leads to a rise in both electron temperature and density [50], increasing the frequency of collisional excitation processes, to induce a modest rise in the electron excitation temperature. However, since most high-energy electrons are still primarily involved in the ionization process, the increase in excitation temperature is relatively limited. Additionally, the increase in discharge current enhances the collision frequency between electrons and other particles and potentially facilitates energy redistribution among electrons, to increase a faster participation of higher energy electrons in excitation processes. Nevertheless, since most higher energy electrons are still consumed in the ionization process, the rise in excitation temperature remains modest.
As indicated in Figure 7B, the electron excitation temperature noticeably drops with the increase in gas flow. An increase in the gas flow rate raises not only the electron temperature and density of the beam but also the density of heavy particles, leading to a higher collision frequency between electrons and heavy particles. As shown in Figure 3, the number of excited-state atoms rises sharply, resulting in depletion of higher energy electrons and thereby lowering the excitation temperature.
3.2 Heat flux measurement by infrared camera
Infrared camera images captured during the discharge process are shown in Figure 8. The region marked Px1 is the PBFS of the graphite block, reconstructed into a square with a side length of 80 mm in subsequent data processing. Due to limitations of the camera acquisition range, the heating process beyond the selected range cannot be measured in a single run. Therefore, the acquisition is divided into two stages: the first stage measures temperatures in the 0°C–650°C range, and the second in the 300°C–2000°C range. Figure 8 shows real-time images of the two-step temperature measurement. The data above 500°C by the second acquisition are overlaid on the first acquisition data to create a composite temperature profile.
[image: Figure 8]FIGURE 8 | Real-time temperature measurement of helium discharges as displayed by the infrared camera. (A) Before discharge, the area marked by the red dashed circle indicates the region that was previously irradiated by the beam. (B) Measurement range is 0°C–650°C (C) Measurement range is 300°C–2000°C.
The heat flux is predicted by analyzing the surface heat flux based on the three-dimensional (3D) heat conduction equation to compute the temperature variations within the graphite block, given by the following formula [51]:
[image: image]
where [image: image] is the thermal diffusivity, ρ is the mass density, and cp is the specific heat capacity.
The PBFS is set at z = 0 plane, while the non-PBFSs follow the adiabatic boundary condition of
[image: image]
Heat flux can then be determined by
[image: image]
To enhance the computational efficiency of solving the three-dimensional heat conduction equation, an alternating direction implicit (ADI) algorithm is employed to reduce each step’s complexity and significantly improve the computing speed and efficiency. Furthermore, the ADI algorithm has high accuracy and is suitable for various practical applications in 3D heat conduction. Also, the implemented code is rigorously validated by COMSOL and ANSYS results, ensuring its reliability and precision.
Figure 9A depicts the temperature distribution on the graphite strike face (PBFS), measured by the infrared thermography approximately at the fifth second after the discharge onset, with discharge current of 120 A at C1. The temperature profile exhibits a Lorentzian distribution, with the core temperature reaching a significantly high value. Figure 9B presents the temporal evolution of the core temperature. Notably, at less than 1/3 s from the onset, the core temperature rapidly escalates to >1,000°C. After such a rapid rise, there is a slight decrease in temperature, succeeded by another rise. The cause of this temperature fluctuation may be surface modifications or damage caused by the high heat flux, which fundamentally alters the initial graphite surface morphology.
[image: Figure 9]FIGURE 9 | At C1 with discharge current of 120 A and gas flow rate of 1slm, (A) at approximately the fifth second, the synthesized surface temperature distribution with a maximum temperature >1700 K; (B) the temperature variation vs. time at the center point of the beam.
The two-dimensional (2D) and radial distributions of the beam heat flux with discharge current of 120 A and a conservative gas flow rate of 1.4 slm at three distinct magnetic field conditions (C1, C2, C3) are shown in Figure 10. The heat flux can easily exceed 20 MW/m2. With the increase in magnetic field strength, a significant enhancement in heat flux is observed, reaching up to 40 MW/m2 at C1. Figure 11A presents the 2D beam heat flux profile distribution, which exhibits a quasi-Gaussian shape with no substantial variations across different conditions. The full width at half maximum (FWHM) remains approximately 4 mm, consistent with the size of the plasma source exit. Figure 11B presents the steady-state heat flux at different field and current conditions. The steady-state heat load easily exceeds 20 MW/m2, with the beam demonstrating good stability. At higher magnetic fields, the heat flux density curve shows fluctuations during the initial stage and then gradually reaches a steady state. It may be attributed to the rapid changes in surface temperature and physical alterations in surface morphology, leading to variations in temperature measurements. However, the overall trend is clear: stronger magnetic fields and higher currents result in greater heat flux.
[image: Figure 10]FIGURE 10 | Heat flux spots at C1 (A), C2 (B), and C3 (C), respectively, with discharge current of 120 A and a gas flow rate of 1.4 slm at C1.
[image: Figure 11]FIGURE 11 | (A) The distribution of steady-state heat flux along the vertical direction in Figure 10 and (B) the steady-state heat flux values at different magnetic fields and discharge currents.
It should be noted that, due to the angle between the plasma beam and PBFS of the graphite block, along with the relatively low gas flow rate, the current heat flux represents a conservative estimate of the device’s capabilities, while the actual heat flux achievable by HIT-PSI could be higher. As the magnetic field increases, the power of the plasma source accordingly rises, too, which has been confirmed in our device and other experiments [22, 25, 42]. This enables more power to be coupled into the plasma beam, leading to an increase in the electron temperature and density. Additionally, the strong magnetic field provides better confinement of the plasma, reducing radial diffusion and increasing plasma density. Ultimately, this effect significantly enhances the heat flux of the helium beam at a strong magnetic field.
When the beam reaches Window 2, at a transmission distance of 120 cm, it undergoes significant attenuation. At C3, the beam is almost invisible to the naked eye. In the parameter regime of our experiments, where electron and ion temperatures are approximately below 5 eV [52] and based on elastic collision parameters [53, 54], the collision rates of ions and electrons with atoms in He discharges are estimated in the ranges of 106 Hz and 107 Hz respectively. The characteristic axial propagation period of the beam is approximately 10–3 to 10–4 s, accordingly. Such features indicate that during the beam transmission, both electrons and ions undergo numerous collisions with background neutral helium atoms, resulting in significant energy transfer to the background and rapid energy loss from the beam. At the sufficiently high confining magnetic field in HIT-PSI, the impact of radial diffusion of the beam heat flux is far less significant than that of collision effects. To further increase the heat flux, the most effective way is to reduce the background gas pressure.
3.3 Initial experiment of he plasma beam irradiation on tungsten
The irradiation results without an applied bias are shown in Figure 12. The surface irregularity in the non-irradiated sample shown in Figure 12A is due to the polishing process, with noticeable cutting marks. The tungsten surface after 30 s of irradiation shows signs of melting. As the irradiation goes on, noticeable uneven coral-like structures on the surface are shown in Figure 12C after 60 s, and then cracks appear in Figure 12D after 120 s. Further tracing the irradiation to 240 s, the surface exhibits a granular texture in Figures 12E, F. Larger scale SEM images reveal extensive areas of granules in the micron scale, a sign of recrystallization.
[image: Figure 12]FIGURE 12 | SEM images of W samples under different irradiation durations without bias, with the measurement moments at (A) 0 s, (B) 30 s, (C) 60 s, (D) 120 s, and (E, F) 240 s.
The irradiation results with an applied bias of −80 V are shown in Figure 13. After just 30 s of irradiation, the tungsten sample’s surface has formed a distinct “fuzzy” structure. Typically, the formation of such a structure is considered to require a helium particle flow reaching 1025 m−2 [55, 56]. This indicates that the particle flux capability of HIT-PSI has reached a significantly high level. We will gradually improve the measurement of critical parameters for irradiation, such as sample temperature and particle flow, to achieve more precise and systematic experiments that comprehensively simulate the service environment for divertor materials and components under high heat flux and high particle flow irradiation conditions. This will provide experimental data to support the development of new methods and approaches for enhancing the service conditions of divertor target materials in fusion research facilities.
[image: Figure 13]FIGURE 13 | SEM images of W sample with −80 V bias after 30 s of irradiation.
4 CONCLUSION
The emission spectra and heat flux characteristics of the He plasma beam are measured at different high magnetic field conditions, and preliminary irradiation experiments on pure tungsten samples are carried out. This study reveals that the heat flux capacity of HIT-PSI can exceed 40 MW/m2, far surpassing the initial design target and effectively simulating the extreme heat flux conditions expected in the divertor region of future fusion reactors.
Additionally, the emission spectrum of helium at high magnetic field conditions exhibits a consistent pattern, but the overall spectral intensity significantly rises as the gas flow increases. Preliminary irradiation experiments demonstrate that HIT-PSI can serve as an excellent platform for testing the performance of plasma-facing materials and components in extreme irradiation environments and providing valuable insights for future research and materials development.
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