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Abstract  

The microstructure of molybdenum mirrors was refined by high pressure torsion. Already after 

one rotation microhardness significantly increased from 231 for the as-received mirror to 542 

HV0.2. The increase of number of rotations to five caused further slight increase of 

microhardness to 558 HV0.2. The higher microhardness values correspond well with the grain 

refinement as the grain size decreased with the increase of the deformation degree down to 480 

and 110 nm, respectively for 1 and 5 rotations. Subsequently, refined mirrors and a reference 

micrograined one were irradiated by He ions to the dose of 8x1016/cm 2 to simulate the effect of 

plasma exposure on diagnostic mirrors to be applied in D-T fusion devices. Irradiations were 

followed by reflectivity measurements in the 300-2400 nm range with a dual beam 

spectrometer. It was noticed that irradiation caused a slight decrease in total reflectivity of the 

micrograined mirror, whereas that of high-pressure torsion-processed samples decreases by an 

additional 2.5%. Nanohardness measurements, detailed microscopy observations using focused 

ion beam and scanning transmission electron microscope as well as positron annihilation 

spectroscopy investigations were performed to elucidate that cause of those changes. Based on 

the results, it is postulated that the nanocracks created at grain boundaries during irradiation in 

the optically active layer are responsible for lower reflectivity of high-pressure torsion-

processed mirrors. 
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1. Introduction 

Diagnostic mirrors will be indispensable components in fusion reactors. They will guide plasma 

radiation to variety of control and diagnostic systems. The first mirrors will be exposed to 

plasma directly, which will influence their performance. More precisely their surface may 

degrade from sputtering by plasma particles and deposition of plasma impurities which will 

result in degradation of the mirrors reflectivity [1]. The selection of the proper material for 

mirrors is essential. Various materials for mirrors were tested such as a polycrystalline copper, 

beryllium films deposited on a copper substrate [2], a stainless steel, rhodium [3], a single 

crystalline Mo and polycrystalline Mo [3]. Among the main candidates are polycrystalline and 

single crystal Mo [4-7]. In this paper, nanostructured Mo mirrors are considered as a 

polycrystalline variant.   

Firstly, nanostructured Mo mirrors are proposed since they prove sufficient reflectivity after 

cleaning. Deposition of plasma contaminants on mirrors is hard to avoid during reactor 

operation, thus in-service mirror cleaning seems indispensable. Hence, mirrors should not lose 

their reflectivity due to cleaning [8,9]. When the 10-cycle cleaning was performed with 60 MHz 

radiofrequency-simulated argon plasma capacitively coupled (CCRF) to the Mo coated mirrors, 

significant increase of roughness of up to 70% was detected for micrograined whereas 

nanocrystalline coatings stayed unchanged. A microcrystalline variant in comparison with 

nanocrystalline while cleaned with H2 and Ar at high energy exhibited doubled increase in 

diffuse reflectivity. These facts suggest that nanocrystalline Mo coatings should preserve better 

properties after cleaning than micrograined ones. Nevertheless, the cleaning of coatings can 

lead to their sputtering. Moreover and most importantly, nanostructured Mo is proposed since 

grain refinement seems to be an efficient way to improve radiation resistance [10-12]. 

Irradiation by energetic particles firstly leads to atomic displacement defects followed by 

recombination of defects up to the formation of clusters, bubbles and voids. In the final phase 

macroscopic defects such as cracks, surface blistering and fuzz are observed also depending on 

given irradiation conditions. Although various approaches have been proposed for reducing 

materials degradation due to irradiation such as metallic glass or high-entropy alloys 

production, nanostructurisation shows the greatest potential. It is owed to presence of high 

density of grain boundaries in nanostructured materials. It has been proven that grain boundaries 

are sinks for the irradiation-induced defects and emit interstitials which can recombine with 

irradiation produced vacancies in grain interiors [13]. This brings about the self-healing 

capacity of nano-structured materials. Moreover, grain boundaries can trap He atoms [14] and 

their structure has an impact on the efficiency of He atoms accumulation [15]. Preferable are 
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grain boundaries which contain grain boundary dislocations as well as high-energy grain 

boundaries of large He-to-vacancy ratio [16]. In this context interesting is the efficiency of He 

ion trapping in non-equilibrium grain boundaries created by severe plastic deformation (SPD) 

processes [16-22]. SPD methods produce bulk samples with nanostructured grains, resulting in 

properties different to their coarse grained counterparts most notably superior mechanical 

properties such as exceptionally high strength with significant plasticity. For example, the 

tensile strength of nanostructured austenitic steel may reach 1850 MPa [23], 1270 MPa for pure 

nickel [24] and 900 MPa for aluminum 2139 [25], thus being three times higher than in case of 

the micro-grained material. Exceptionally high strength can be achieved since increased 

hydrostatic pressure during deformation suppresses fracture and influences the movement and 

interaction of the lattice defects which results in the creation of nanograins of  high-angle grain 

boundaries with non-equilibrium structures. Non-equilibrium grain boundaries possess high 

density of dislocations and large residual microstrain, factors facilitating diffusion [26]. 

Concerning nanostructured materials for fusion application, most of the research concentrates 

on tungsten as tungsten is considered as the best candidate as a plasma facing component (PFC) 

material. The studies have shown that there exists a critical grain size (60 nm) below which in 

tungsten produced by orthogonal machining process lower He bubble density has been detected 

[27]. Reducing grain size is also essential in the latest stage of irradiation when macroscopically 

observable damage is registered. Nanostructured tungsten produced by high pressure torsion 

(HPT) showed up to the He dose of 1.0x1023m-2 no blisters contrary to coarse grained tungsten 

[28]. There is some scarce work on nanostructured reduced activation ferritic steels that are 

planned to be applied for the first wall in fusion reactors which indicate that nanostructured 

steels produced by surface mechanical attrition treatment (SMAT) and irradiated by He ions 

are characterized by lower bubble density and smaller average bubble size in comparison with 

coarse grained counterparts [29]. Little is known about the radiation resistance of 

nanostructured Mo apart from the work on magnetron sputtered nanocrystalline Mo of a 

columnar structure [30]. In that work it has been evidenced that in He irradiated grains smaller 

than 90 nm smaller dislocation loops and He bubbles are created as well as lower defect density 

is observed. This discovery is quite promising from the point of view of a nanostructured Mo 

mirror application. Recent studies have shown that bulk Mo mirrors instead of Mo mirror 

coatings on substrates should be applied in future reactors [31]. For this reason, in the present 

study an SPD technique as HPT is proposed as an efficient technique to obtain nanostructured 

bulk Mo mirrors. HPT technique has been selected since it is the most efficient technique in 

grain refinement in comparison with other SPD techniques [32-34]. As recent publications 
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showed, HPT can be successfully applied to refine the microstructure of Mo [35, 37]. Relatively 

few reports are available on the HPT-processed Mo since this body-centered cubic metal has 

very high strength, which makes SPD-processing difficult at ambient temperature. 

The objective of our work is to compare the degradation of optical properties of nanostructured 

and micrograined Mo mirrors after irradiation with He ions. Followed by the in-detail 

description, analysis and comparison of changes in the microstructure of investigated mirrors 

after irradiation. Although in real reactor plasma conditions mirrors will be concurrently 

irradiated by neutrons, hydrogen isotopes and He, in the present study only irradiation by He 

ions is investigated. It is well-known that neutron irradiation induces displacement damage 

resulting in formation of vacancies and interstitial-type defects. Considering that there is a 

strong interaction of He with this kind of defects and that HPT can also lead to the creation of 

the high concentration of vacancies, any pre-damage simulating neutron irradiation effects has 

been discarded.  

 

2. Methods 

2.1. Material 

The material used in the present study is sintered, high purity (99,97 wt.%) Mo supplied by 

Plansee A.G in a form of a rod of 10 mm in diameter. The microstructure of Mo mirrors was 

refined by HPT. To this aim, the material was cut into disks of 10 mm in diameter and 0.8 mm 

in thickness. The disks were torsionally strained to 1 and 5 revolutions at a constant pressure of 

6 GPa at the room temperature with speed of 0.2 rpm. The strain defined as simple shear, γ, 

was calculated according to the equation γ = 2π × r × n/t, where r, n and t are the distance from 

the torsion axes, the number of applied revolutions and the mean thickness of the sample, 

respectively. The equivalent strains ɛeq = γ/√3 calculated 5 mm from the central point of the 

mirror were equal to 113. HPT experiments were performed at the Faculty of Physics at the 

University of Vienna. Further in the text, for simplification, mirrors are marked AS-R, HPT_1 

and HPT_5 for as-received, one rotation and five rotations, respectively.  

2.2 Ion irradiation 

Before irradiation mirrors were mechanically grounded and polished according to a proprietary 

process developed at KTH and yielding high reflectivity of Mo mirrors. The irradiation of Mo 

mirrors was performed with 2 keV 4He+ beams at the Ion Technology Centre (ITC) of the 

Uppsala University using a 350 kV Danfysik 1090 implanter with a beam current of up to 1 

mA at room temperature. Irradiation conditions were based on the Stopping and Range of Ions 

in Matter by prof. Jonas F. Ziegler (SRIM) [36] predictive modelling to implant in the optically 
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active layer:  15-20 nm. The irradiation dose was 8x1016 cm-2. The reflectivity of mirrors was 

measured with a dual beam Lambda 950 spectrophotometer in the 300-2400 nm range. An 

undeformed mirror served as a reference.  

2.3 Analytical methods 

a) X-ray measurements 

Measurements of the crystallite size (using the Williamson-Hall method) was performed by X-

ray diffraction (XRD), at room temperature using a Bruker D8 Discover diffractometer with 

filtered Co Kα (17902 nm) radiation, operated at Warsaw University of Technology 

(WUT). X-ray spectra were collected from an area of approximately 1.5 mm in diameter, which 

centre was located 1.5 mm from the mirror edge. The conditions of analysis were as follows: 

voltage =40 kV, current =40 mA, angular range of 2θ from 35° to 120°, step Δ2θ =0.025°, and 

the counting time =5 s. The XRD was also applied to quantify the dislocation densities in the 

investigated materials. The dislocations density, ρ, was calculated from XRD peak broadening 

using modified Williamson-Hall plot (X) : 

                                                               𝜌 =
𝐾𝜖2

𝑏2
 

where K for bcc materials equals 14.4 with the Burgers vector of dislocations, b, along <111>, 

ε is the lattice strain evaluated from W-H plot, b is the Burgers vector for molybdenum- 0,272 

nm.  

b) Microhardness and nanohardness measurements  

The micro- and nanohardness measurements were performed at WUT. The values of Vickers 

microhardness, Hv, were recorded along a diameter with a separation of 0.5 mm. These 

measurements were made using a Zwick microhardness tester under a load of 200 g and loading 

time of 10s. Nanohardness tests were performed using a Triboscope 950 HYSITRON equipped 

with a Berkovich indenter. The loading force was 3 mN, the loading, holding and unloading 

times were 10, 2 and 10s, respectively. The hardness values were calculated following the 

model of Oliver and Pharr [38]. The tip area function was determined by a series of indents at 

various depths (normal loads) in the sample of the known elastic modulus (silica standard). 

Approximately 50 measurements were performed in every mirror before and after irradiation 

at the perimeters with radii of 2.5, 3 and 3.5 mm. 

The mean value (MV) and standard deviation (SD) were calculated from microhardness and 

nanohardness measurements. 

 

c) Doppler broadening variable energy positron annihilation spectroscopy 
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Doppler broadening variable energy positron annihilation spectroscopy (DB-VEPAS) 

measurements have been conducted at the Helmholtz-Zentrum Dresden-Rossendorf using 

apparatus for in-situ defect analysis (AIDA) [37] of the slow positron beamline (SPONSOR) 

[38]. Positrons have been implanted into mirrors AS-R and HPT_5 with discrete kinetic 

energies Ep in the range between 0.05 and 35keV, which allows for depth profiling from the 

surface down to couple of micrometers. A mean positron implantation depth zmean can be 

approximated by a simple material density dependent formula: zmean=36/ρ·Ep
1.62, where 

ρ=10.28 g·cm-3. The measurements enabled calculating of the so-called S-parameter 

representing a fraction of positrons annihilating with low momentum valence electrons and 

describes vacancy like defects  concentration and /or size  [39]. For the analysis of positron 

diffusion length, L+, which is inverse proportional to defect concentration the VEPFit code [40] 

has been utilized, which permits to fit S(Ep) curves for multilayered systems and to acquire 

thickness, L+, and specific S-parameters for each layer within a stack. 

d) Microscopy observations 

The microstructure of the samples has been studied at Microscopy Laboratory of WUT. Firstly, 

surface observations of mirrors, both before and after irradiation, were performed using 

scanning electron microscope (SEM) SU8000 in SE-mode at 15kV electron accelerating 

voltage. Observations were performed 1.5 mm from the mirror edge. Secondly, cross-sectional 

lamellae of the ion irradiated region in the implanted mirrors were prepared by focused ion 

beam FIB Hitachi NB5000. Before FIB cutting, the surface of the sample was protected by thin 

carbon layer. Subsequently, their microstructure was studied using scanning transmission 

electron microscope (STEM) Hitachi HD2700 operated at 200kV and transmission electron 

microscope (TEM) JEOL 1200 operated at 120kV. Quantitative investigation of grains was 

performed using stereological and image analysis methods [43,44]. To determine their size and 

shape parameters such as equivalent diameter, d2, and elongation parameter, dmax/d2, were used. 

The equivalent diameter is defined as the diameter of a circle having an area equal to the surface 

area of a given grain. The grain elongation factor is defined as the ratio of the maximum to the 

equivalent diameter dmax/d2. Moreover, the grain boundary area in the unit volume, Sv, was 

determined by counting the intersection points of the test lines with the grain boundary network. 

 

3. Results  

3.1 Microhardness and nanohardness measurements after HPT 

Microhardness of HPT-processed mirrors measured is presented in Fig. 1 and Table 1. It has 

been proven that even after one rotation microhardness significantly increased from 231 to 542 
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HV0.2. The increase of number of rotations to five caused further slight increase of 

microhardness to 558 HV0.2. The average values of nanohardness are presented in Table 1. 

Nanohardness, similarly as microhardness increases with the increase of the deformation degree 

from 4.7 to 7.8 and 8.7 GPa while measured at the perimeter of radius 3.5 mm for As-R, HPT_1 

and HPT_5 mirrors, respectively. Nanohardness measured at the perimeters of radii 2.5 and 3 

mm showed comparable values. 

 

Fig. 1 Microhardness distribution on the diameter of AS-R and HPT-processed Mo mirrors  

 

Table 1 MV and SD of microhardness measured on the diameter of AS-R and HPT-processed 

Mo mirrors 

 MV (Hv0.2) SD (Hv0.2) 

AS-R 231 8 

HPT_1 542 19 

HPT_5 558 31 

 

Table 2 MV and SD of nanohardness measured along various perimeters of AS-R and HPT-

processed Mo mirrors  

 AS-R HPT_1 HPT_5 

Radius 

[mm] 

MV (NH 3) 

[GPa] 

SD (NH 3) 

[GPa] 

MV (NH 3) 

[GPa] 

SD (NH 3) 

[GPa] 

MV (NH 3) 

[GPa] 

SD (NH 3) 

[GPa] 

2.5 4.5 0.3 7.3 0.4 8.6 0.6 

3 4.7 0.3 7.6 0.3 8.7 0.7 

3.5 4.7 0.3 7.8 0.4 8.7 0.6 
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3.2 Microstructure evolution after HPT 

Microstructure observations 

HPT-processing leads to a significant grain refinement of Mo mirrors even after one rotation as 

presented in Fig. 2. The average equivalent diameter decreases from 2.12 m to 480 nm. It is 

accompanied by changes in the shape factors. In As-R mirrors grains are elongated parallel to 

the rod direction with the elongation parameter of 1.7. After one rotation ultra-fined grains 

become elongated perpendicularly to the foreseen irradiation direction and elongation 

parameter increases to 2.4. After five rotations the average equivalent diameter is reduced to 

110 nm and the elongation decreases to 1.2, meaning that grains become uniaxial. In 

microstructures after HPT-processing prevail high-angle grain boundaries as can be recognized 

from the well-contrasting grains. The decrease of the grain size is accompanied by the increase 

of Sv which increases from 1.6 in the As-R mirror to 3.4 and 16.5 m2/m3 after HPT-

processing to 1 and 5 rotations, respectively.  

 

 

Fig. 2 Microstructures of a) As-R, b) HPT_1, c) HPT_5 - cross sections; a) BSE -SEM 

(SU8000 Hitachi) b), c) TE-TEM direction of foreseen irradiation is parallel to the shorter 

edges of images 

 

3.3X-ray measurements 

The X-ray spectra are presented in Fig. 3 and the crystallite size, dislocation density and strains 

in Table 3. As already seen at the microstructure images, HPT processing refined the crystallite 

size from a value greater than measurable by X-ray technique to approximately 500 and 100 

nm for HPT_1 and HPT_5, respectively. Which is in a good agreement with the grain size 

evaluated from the microstructural studies. HPT led to a considerable increase in the dislocation 

density. The dislocation density increased from 7.3x1014 to 8.3×1015 and 4.9×1015 m-2 after 1 

and 5 rotations, respectively. The quite high density of dislocations in the as-received mirror is 

certainly due to mechanical grinding and polishing. The drop in the dislocation density between 
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HPT_1 and HPT_5 mirrors shall be attributed to the rearrangement of dislocations after higher 

deformation, which contributed to the creation of greater grain boundary density. The lattice 

distortion, da/a, increases from 0.0019 for AS-R to 0.0065 for HPT_1 and afterwards slightly 

decreases to 0.0050 for HPT_5. 

 

Fig. 3 X-ray spectra of AS-R and HPT-processed mirrors 

 

Table 3 The crystallite size, lattice distortions and density of dislocations of the as-received 

and HPT-processed mirrors 

Mirror 

indication 

Crystallite 

size  

[nm] 

 

𝒅𝒂

𝒂
 Density of 

dislocations 

 ρ[m-2] 

AS-R >1000 0.0019 7.3x1014 

HPT_1 522 0.0065 8.3×1015 

HPT_5 106 0.0050 4.9×1015 

  

3.3 Reflectivity measurements 

The reflectivity of undeformed and deformed mirrors irradiated with a He ion dose of 8x1016cm-

2 decreased, as presented in Fig. 4. However, the total reflectivity of deformed mirrors 

decreased more profoundly by approximately 2.5%. This difference in reflectivity is well-

visible at the magnified part of the chart (Fig. 4 b)). 
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Fig. 4 a)Variation of reflectivity in Mo mirrors irradiated with a He ion dose of 8x1016cm-2; 

b) magnified part of a) 

 

3.4 Surface observations of irradiated mirrors  

Exemplary images of mirrors surface after irradiation are presented in Fig. 5. Irradiation by He 

ions with a dose of 8x1016cm-2 does not lead to the creation of blisters on the mirrors surface 

contrary to earlier observations of mirrors irradiated prior to He ions by Mo ions at 30keV, DPA 

10 [45]. The bright particles that appear at the surface are residues of polishing with Al2O3 

slurry. 

 

 

Fig. 5 Mirrors surface after irradiation a) AS-R, b) HPT_1, c) HPT_5,  

 

3.5 Nanohardness measurements of irradiated mirrors 

The comparison of nanohardness values before and after irradiation is summarized in Fig. 6. 

HPT-processing of mirrors causes a less significant increase in nanohardness after irradiation 

approximately of 10% on average than measured in the undeformed mirror approximately of 

20%. Interestingly, in the case of AS-R and HPT_5 mirrors independently of the perimeter the 

nanohardness increases of a similar value in comparison with the non-irradiated state. However, 

in the case of HPT_1 mirror with the increase of perimeter one observes the decrease in the 
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difference between the nanohardness after HPT and nanohardness after irradiation by 15, 11 

and 6% respectively for 2.5, 3 and 3.5 mm radii. This difference is caused by the various degree 

of deformation reached at the diameter of the mirror during HPT and the higher the deformation 

degree the lower increase in nanohardness after irradiation. It also indicates that deformation 

after 5 rotations is more uniform. 

 

Fig. 6 Nanohardness measured on various perimeters of AS-R and HPT-processed Mo 

mirrors before and after irradiation 
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3.6 Cross section observations of irradiated mirrors  

The microstructure of mirror cross-sections after irradiation is presented in Fig. 7. The detailed 

observation of cross sections enabled perceiving He bubbles down to 20 nm from the surface 

in undeformed and deformed mirrors. Moreover, nanocracks at some grain boundaries were 

noticed in the optically active layer. The creation of nanocracks by the mechanism of bubble 

accumulation at the grain boundary observed in irradiated HPT_5 mirror is presented in Fig. 8.  

 

Fig. 7 Cross sections of Mo mirrors irradiated with He ions; a) AS-R, b) HPT_1, c) and d) 

HPT_5 
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Fig. 8 The creation of nanocracks by the mechanism of bubble accumulation at the grain 

boundary  

 

4. Discussion 

4.1. Why does the microstructure refinement of mirrors lead to the lower reflectivity and 

lower increase in mechanical properties in comparison with micrograined mirrors after 

irradiation? 

HPT leads to the microstructure refinement to approximately 500 and 100 nm after 1 and 5 

rotations, respectively. The measurements show greater grain refinement than in Mo 

investigated in [46, 47]. It might result from the choice of a different plane for microscopy 

observations or difference in purity. The HPT does not only reduce the grain size but it also 

leads to the increase in the dislocation density as measured by X-rays. The dislocation density 

increases rapidly after 1 rotation and then slightly decreases after 5 rotations due to the 

annihilation of dislocations during the transformation of low angle grain boundaries into high 

angle grain boundaries. It is worth to notice that the initial density of dislocation is also at a 

considerable level. The density of dislocations for annealed Mo should be approximately 3x1012 

m-2 [48]. In this study in the AS-R mirror obtained by powder sintering the density of 

dislocations is much higher and equals 7.3x1014m-2 as a result of conventional grinding and 

polishing.  This may be the reason for the homogenous distribution of bubbles in the optically 

active layer in undeformed and deformed mirrors. The homogenous distribution stems from a 

trapping capacity of He ions by dislocations [14]. Since STEM observations enabled noticing 

that after irradiation by He+ the depth where bubbles were created and distribution of bubbles 

is comparable for the micrograined and nanograined variants it cannot, therefore, be the reason 

for the difference in mirror reflectivity. 
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The reason for the differences in reflectivity between undeformed and deformed mirrors might 

originate from the difference in the grain boundary density. Because of the grain refinement the 

total grain boundary area in nanostructured Mo is far greater than that found in the micrograined 

Mo.  During irradiation He ions are trapped at grain boundaries and since there is a large energy 

barrier for He diffusion back into the matrix, He remains at grain boundaries. The 

agglomeration of He ions gives the beginning to the  bubble nucleation at grain boundaries with 

dimensions approaching the mean free path of migrating He and He-induced defects [49]. The 

bubbles agglomeration at grain boundaries leads to the creation of nanocracks in the optically 

active layer. These nanocracks can be responsible for the decrease of reflectivity of HPT-

processed mirrors since the grain boundary density in HPT- processed mirrors is higher than in 

micrograined ones and therefore more sites for crack nucleation exists. Nanocracks appear only 

at some grain boundaries which may be a result of many factors among which are 

misorientation of grains, grain boundary character and local strains. Moreover, the differences 

observed in the radiation response of various grains depend on the grain orientation relative to 

the direction of the irradiation which in turn has an impact on the grain boundary plane. The 

importance of this fact has been proven in the work on Mo mirrors of orientations (001), (110) 

and (111) irradiated by 3keV He ions to a fluence of 1x1022He/m2 at room temperature where 

the reflectivity measurements of the single crystals showed smaller reduction in (100) mirrors  

than in (110) and (111) mirrors [50]. This phenomenon can be explained by channeling effects 

[51].  

Apart from the impact of the grain refinement on the reflectivity, one observes the impact of 

the grain refinement on the change in nanohardness values between non-irradiated and 

irradiated mirrors. The magnitude of irradiation induced hardening is greater for micrograined 

than HPT-processed mirrors. In [30], the hardening effect observed in He ion irradiated mirrors 

was mainly attributed to He bubbles and dislocation loops formation. It was suggested that in 

the case of nanocrystalline magnetron sputtered Mo for grain below 90 nm the irradiation-

hardening decreased significantly since the density and size of dislocation loops and He bubbles 

decreased. In our study no significant difference in the bubble size was noticed between micro 

and nanograined mirrors. Furthermore, due to the high density of bubbles, dislocation loops 

were difficult to measure and compare. Thus we believe more nanocracks of intragranular 

character in HPT-processed mirrors than micrograins ones may result in more effective sinks 

for He ions by creating open porosity. Moreover, vacancies generated by HPT-processing may 

interact with self-interstitials formed during irradiation which in turn lead to the decrease of the 

density and size of dislocation loops [52]. 
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4.2. Why the difference in the reflectivity of mirrors is minor in comparison with the 

difference in their microstructures? 

The minor difference in reflectivity between mirrors varying in the deformation degree in 

comparison to the great difference in their deformation degree might result from technique of 

mirror surface preparation for radiation experiments. Before irradiation mirrors were 

mechanically ground and polished. This method in comparison to e.g. electropolishing can 

introduce a high concentration of defects into the near-surface volume that is of interest in our 

studies. In the case of mechanically ground and polished tungsten, the depth up to which the 

effects of preparation were observed was 30 nm as  obtained from DB-VEPAS [53]. To better 

explore the impact of the preparation technique on the optically active layer defects character, 

DB-VEPAS and PALS measurements were performed on mirrors varying the most noticeably 

in the deformation degree, meaning AS-R and HPT_5. Fig. 9 shows the depth profile of the S 

parameter. It  reaches the highest value approximately 20 nm below the mirrors surface. Below 

20 nm it starts to decrease to reach a stable value at a depth of approximately 300 nm for HPT_5 

and 1100 nm for As-R. In bulk mirrors contrary to sublayers, it is visible that larger defect 

concentration is found in HPT_5 mirror. The calculated positron diffusion length L+ and 

corresponding defected layers thickness are presented in Table 1. The strongly defected sub-

surface layer has been found having a thickness of about 18 and 37 nm for the AS-R and HPT_5, 

respectively. The defect concentration in the sub-layer is slightly higher for AS-R than HPT_5 

mirror. In the case of HPT_5 the same shape of S has been registered near the mirror edge and 

in the middle of the mirror suggesting that there are no changes in the defect concentration.  
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Fig. 9 Annihilation line parameter S (low electron momentum fraction) as a function of 

positron implantation energy Ep and mean positron implantation depth <z> 
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Table 3 Sublayer thickness tsurf  and positron diffusion lengths L+ 

Mirror 

indication 

thickness, 

tsurf. [nm] 

L+,surf. [nm] L+,bulk [nm] 

AS-R 18 0.7 157 

HPT_5  37 3 67 

 

The analysis clearly shows that although the mirrors differ quite considerably in the 

deformation degree their optically active layers become quite comparable in terms of vacancy-

type defect concentration due to the preparation technique. Defects like vacancies are necessary 

to create He-vacancy complexes and subsequently He bubbles or dislocation loops. The detailed 

characterization of defects in the optically active layer of AS-R and HPT_5 mirrors has been 

performed using PALS. Positron lifetime components and their relative intensities measured up 

to the depth of 50 nm  in AS-R and HPT_5 mirrors are presented in Fig. 10. PALS analysis for 

the AS-R mirror reveals mixture of dislocations (τ1) and vacancy clusters (τ2) as dominant 

positron trapping centres. The lifetime τ1 is shorter compared to that for a monovacancy (blue 

dotted line in Fig. PALS) [54] and longer than bulk delocalized annihilation within a crystal, 

which is typical for dislocations. A dislocation line itself is normally only a shallow positron 

trap [55]. Once positrons reach a dislocation they will quickly diffuse along the dislocation line 

and will became trapped by a vacancy anchored in the compressive elastic field of dislocation 

[55]. Hence, positrons are finally annihilated in a monovacancy influenced by the elastic field 

of dislocations, which results in shorter lifetime [56]. The size of vacancy clusters can be 

estimated as agglomeration of about 8 or more vacancies (based on calculations for Nb having 

similar lattice parameter and bcc crystal structure) [56]. After HTP shorter lifetime τ1 increases 

reaching nearly the value for monovacancy and the longer lifetime τ2 became larger than 400 

ps (≥15 vacancies). At the same time the relative intensity I1 (I2) increases (decreases) 

suggesting generation of monovacancies due to HTP, which tend to agglomerate increasing the 

size of vacancy clusters. The concentration of vacancy clusters most probably drops with depth  

as indicated by smaller I2. This drop is reflected in larger positron diffusion length L+ of the 

sub-surface region after HTP processing, however, the overall defect concentration remains 

high. There is a high probability that vacancy clusters in AS-R and HPT_5 mirrors are located 

at grain boundaries. Since larger vacancy clusters are identified in HPT_5 mirror than in AS-R, 

the more prone its grain boundaries may be to nanocrack formation. 
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Fig.10. Positron lifetime components and their relative intensities as a function of positron 

implantation energy and corresponding depth <z> for As-R and HPT_5 mirrors. Horizontal 

dotted lines mark literature lifetime values for bulk annihilation (black) and monovacancies 

(blue). At a green region, between bulk and monovacancies, dislocations are expected. The 

second lifetime component denotes surface states and vacancy clusters 

 

Additionally, microstructure observation of the polished AS-R cross section directly after 

grinding and polishing has been done. Fig. 11 shows that the grinding and polishing can lead 

to the creation of subgrains, however they appear rarely. 

 

Fig. 11 Subgrains in the AS-R mirror – cross section, BF-STEM  

 

This suggests that what differentiates the mirrors the most, is the density of grain boundaries 

rather than the density of vacancy-type defects. For this reason, with high probability grain 

boundaries play a decisive role in the observed reflectivity differences.  
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4.3. The perspective of application of nanostructured mirrors 

According to present knowledge, first mirrors in ITER will mainly be damaged from sputtering 

by energetic plasma particles and from deposition of plasma impurities onto the mirror surface 

[1]. 

a) Plasma erosion of mirrors is caused by physical sputtering. Since ions are confined by the 

magnetic field, the sputtering is triggered by neutrals such as charge exchange neutrals (CXNs). 

Grains of micrograined materials, which have various orientations will be sputtered with 

different rates. This will result in the increased roughness of the mirror surface and 

consequently in the reflectivity decrease by the increase of diffuse reflectivity. In this context 

much better resistance to plasma erosion show nanostructured mirrors [57] as when they are 

sputtered it happens more homogenously [58]. Nanostructured mirrors together with single 

crystal mirrors are two possible candidates for mirrors especially those located close to the first 

wall where sputtering dominates. It must be underlined that it is better to apply nanostructured 

bulk mirrors than nanostructured layers on a substrate as those may delaminate during exposure. 

b) Deposition of plasma impurities is an important issue in the case of mirrors located in 

divertor. Mirrors positioned in the divertor during tests performed in JET-C and JET-ILW 

experimental campaigns independently on the location in divertor completely lost reflectivity 

due to deposition [59]. It is predicted that in ITER deposits will consist of beryllium and 

tungsten in the oxide state. Deposition can not be completely avoided and for this reason in situ 

cleaning is proposed as a solution. One of such in situ cleaning techniques is discharge plasma 

cleaning [8]. After 10 cycles of cleaning the roughness, which well corresponds with diffuse 

reflectivity, stayed almost unchanged of nanocrystalline Mo, Rhodium coatings, single crystal 

Mo, whereas roughness of micrograined mirrors almost doubled [8]. This is, yet, another 

argument that nanostructured Mo could replace micrograined Mo mirrors. 

c) Although the present study shows that nanostructured Mo mirrors after irradiation with 

8x1016 cm-2 He ions demonstrate slightly lower reflectivity than micrograined ones, the trend 

might be reversed for higher doses. It may be due to the fact that nanocracks formed at some 

grain boundaries create open porosity which may facilitate an escape of He from mirrors and 

retard the formation of blisters, which will decrease the reflectivity profoundly. The delay of 

blisters formation in nanostructured tungsten in comparison to micrograined one was observed 

during in situ He irradiation in a He ion microscope [28]. Moreover, it was found that the 

presence of nanochannels in tungsten film irradiated with 190keV He ions accelerated the 

release of He and retarded the formation of large He bubbles [60]. 
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It should be underlined that though our experiment is just an ion irradiation, the findings give 

hints of results after combined irradiation with neutrons and He ions. Firstly, the grinding and 

polishing itself as proved by DB-VEPAS introduces defects similarly as swift neutrons would 

do. Moreover, one can expect that neutron irradiation will create comparable displacement 

damage both in nanostructured and micrograined mirrors and the main factor that will play a 

key role will be the density of grain boundaries. However, it demands further investigations. 

 

5.Conclusions 

1. High-pressure torsion-processing leads to a significant grain refinement up to 110 nm on the 

cross section. 

2. The He-ion dose of 8x1016cm-2 causes a slight decrease in reflectivity of the micrograined 

mirror, whereas the reflectivity of deformed mirrors decreases by additional 2.5%.  

3. High pressure torsion of mirrors contributes to a less significant increase in nanohardness 

after irradiation, approximately of 10% on average than measured in the micrograined mirror, 

approximately of 20%. 

4. Irradiation by He ions with a dose of 8x1016cm-2 does not lead to the creation of blisters on 

the mirrors surface but causes He bubbles creation within the optically active layer and 

nanocracks at grain boundaries in investigated mirrors. There is a higher density of grain 

boundaries in refined mirrors which leads to the higher density of nanocracks. It is highly 

probable that the nanocracks created at grain boundaries in the optically active layer are 

responsible for lower reflectivity of high-pressure torsion-processed mirrors. 

5. Nanostructured Mo mirrors are competitive candidates for mirrors in ITER reactor. 
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